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THE DEVELOPMENT OF THE SINGLE-BREAK OIL CIRCUIT-BREAKER 

FOR METALCLAD SWITCHGEAR 


By D. R. DAVIES, Member, and C. H. FLURSCHEIM, B.A., Associate Member. 


{Paper first received Zrd July, 1935, in amended form Yith December, 1935, and in final form ‘Z27id May, 1936; read before The 
Institution 20th February, before the Tees-side Sub-Centee 11th February, before the Noeth-Eastern Centre Feb¬ 
ruary, before the North-Western Centre 25th February, and before the South Midland Centre Qth March, 1936.) 


SUMMARY 

The theoretical considerations in the choice of number of 
breaks are analysed and it is shown that, while for plain 
breakers multi-break construction may have its advantages, 
the more efficient the arc-control devices employed the less 
the advantages of additional breaks become with normal 
designs. In particular, it is shown that for a metalclad and 
cable system, the duty on one break of a multi-break con- 
trolled-arc breaker is almost as great as for that of a single¬ 
break unit. Experimental evidence in support of the theory 
advanced, obtained with cathode-ray equipment, is given. 

The development of a single-break 66-kV metalclad equip¬ 
ment is described, with particular reference to the interrupting 
ability, and test-results are given, obtained on four different 
short-circuit plants, showing consistent operation. The 
advantages to the user of the single-break oil circuit-breaker 
are shown by comparison with double-break designs of similar 
rating, and single-break layouts are described for different 
switching schemes and system voltages. 

In the Appendix an analysis is made of 3-phase cathode-ray 
films, showing that no leakage current is carried and that in 
consequence the observed reliable operation is to be expected. 

HISTORICAL 

The single-break oil circuit-breaker is not new in 
conception, as early designs by Dr. Ferranti were, in 
fact, of this type, as also were later American breakers 
due to E. M. Hewlett. With plain oil circuit-breakers 
or relatively inefficient explosion contacts as then used, 
however, interruption was largely dependent on length 
of arc, and, since a long total break is more readily 
obtained, from mechanical considerations, in a multi- 


THEORETICAL CONSIDERATIONS IN THE 
CHOICE OF NUMBER OF BREAKS IN 
SERIES 

With a breaker having several gaps in series in one 
phase, the powder current flowing through each must be 
equal, and the distribution of interrupting duty between 
them can therefore only be controlled by the recovery 
and restriking voltages appearing across each arc. 

The voltage distribution across the gaps when a 
potential difierence is impressed on the breaker terminals 
and no arcing occurs, is controlled solely by the capaci¬ 
tances between the various contacts, between contacts 
and earth, and by the voltages^o earth of the terminals. 
Fig 1(a) represents an assumed double-break unit of 



break switch, this form superseded the sing e- rea c Fig. 1.—Tjpical double-break circuit breaker, and 

construction. capacitance distribution. 

With the advent of modern arc-interrupting devices 

in which only comparatively short arc lengths are neces- typical proportions, in which the capacitances across the 

sary to clear all types of faults, it is reasonable to return gaps are one-quarter that of cross-bar to earth at the 

to the single-break layout if simplification can be position where interruption occurs. If one pole is 

effected thereby. This has been done by several foreign earthed by a short-circuit and a voltage is applied to 

manufacturers when developing new tjqies of breakers, the other terminal of 100 volts, 83'3 volts will appear 

notably oil impulse, expansion, and gas-blast types, across the line-side gap and only 16 • 7 across the second 

and also by the Electrical Research Association in gap. Considering, therefore, this breaker clearing an 

experimental breakers operating on similar principles, earthed fault, S3 • 3 per cent of the recovery voltage 

The advantages of metalclad construction and oil insu- would appear across the line gap if no modifying factors 

lation have hindered the adoption of these types in this existed. 

country, as they are all difficult to incorporate in metal- Restriking-voltage rates of rise are proportional to the 
clad equipments. The company with which the authors natural oscillating frequency and' the recovery voltage, 
are associated has, however, developed single-break and will therefore be distributed across the breaks in a 
high-voltage metalclad breakers with one cross-jet pot similar proportion. The duty per break of a perfect 
in each phase, the satisfactory operation of which has circuit interrupter of this design, in which post-arc 
been proved by test and service conditions. effects could be neglected, would therefore be divided 

I.E.E. Journal, Vol. 79, No. 476, August, 1936. [ 129 ] 9 
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OIL CIRCUIT-BREAKER FOR 

very unequally, and the omission of the second gap 
would increase the woi'k, or dielectric stress, of the first 
by only 20 per cent. Experimental measurement on a 
model has confirmed this order of capacitance voltage 
distribution.* 

Actual faults on a 3-phase system may be of a variety 
of forms, and the systems themselves will vary in the 
method of neutral earthing. 

Table 1 gives instantaneous values of the capacitance- 
controlled 50-cycle voltage appearing across each gap on 
interrupting symmetrical currents in a, purely reactive 
circuit, for a 2-break and equivalent single-break unit, 
with different t 3 rpes of faults and systems. 

Considering the normal large British metalclad and 
cable systems having phase separation, and in which, 
therefore, unearthed faults cannot occur, it will be seen 
that it is necessary to design each break of a double¬ 
break unit to be capable of interrupting about 84 per 
cent of the total voltage and rate of rise which must be 
cleared by an equivalent single-break unit. Even when 
unearthed faults can occur, the second break does not 
perform more than 39 per cent of the total duty with 
controlled-arc breakers, while the worst possibility— 
that of earthed faults—must still be allowed for in the 
design, if the neutral is not solidly earthed. 

It may be asked, therefore, how double-break or multi¬ 
break construction, in which the voltage distribution 
will be even less favourable, can be justified. The 
answer depends on the modifications in capacitance- 
controlled voltage distribution which may be made by 
transient post-arc effects as discussed below. 

While the arc current is flowing, the voltage across 
each break of a multi-break unit will be sensibly equal, 
since the arc acts as a low-resistance shunt and will 
entirely swamp the capacitance currents which control 
the static distribution. If at the final current zero the 
arc resistances suddenly become infinite, then their 
influence as a grading factor will cease; but if, as can 
occur, they all retain a finite resistance for an appre¬ 
ciable time during this period, their shunting effect will 
continue and will modify not only the restriking wave¬ 
form—a fact which has been previously analysedf—but 
also the voltage distribution across the gaps. Since this 
effect will tend to even-out the duty, it is to be expected 
that breakers permitting appreciable leakage-current 
flow will benefit by increased numbers of breaks more 
than those which eliminate all flow immediately after 
the zero. 

A second modifying factor has been suggested j; as 
being due to the " space charge effect.” It is known 
that the flow of current in a hot gas is chiefly due 
to a negative electron drift. The positively charged 
atoms are relatively immobile, and will tend to concen¬ 
trate near the cathode. Thus when arcing ceases there 
will be a positive space charge near the cathode terminal, 
and this will affect the voltage distribution across the 
one gap. In addition it will delay the build-up of the 
capacitance-controlled static voltage distribution across 
series gaps. The degree of this latter effect has not, it 
is believed, been published, but it must be very slight 
if the residual conductivity and ionization at inter¬ 
ruption are low. 

* See Reference (1). f Ibid., (2) and (3). t Ibid., (4). 


metalclad switchgear 

EXPERIMENTAL TEST OF THEORY 
Tests were carried out with the aid of a 3-phase 
cathode-ray oscillograph* in order to verify the above 
reasoning. Two sets were made, in the first of which 
the true distribution was considerably modified by the 
measuring circuit, and in the second of which the dis¬ 
tortion due to this cause was of a negligible value. 

Series I. 

These tests were made on an 11-kV metalclad breaker 
with the cathode-ray oscillograph connected as in Fig. 2, 
the voltages measured being those across the entire 
breaker (or two arcs) and from the moving contact to 
earth. 

The normal voltage distribution of the 11-kV breaker, 
of approximately 15 per cent on the shielded gap, was 
reduced to 2 per cent by the addition of the large 


L 



Fig. 2.—Schematic diagram of cathode-ray connections. 

A = Test breaker. 

B = Cathode ray (2 phases of 3-phase instrument). 

C — Rotating drum film. 

D = Motor. 

F = Capacitance voltage divider for cathode-ray tube measuring voltage 
across breaker {V^ -1- Vjj). 

G = Do. do. across earth-side gap (Fjj). 

H = Flexible connector from moving contact to divider. 

J = Deflection plates. 

K = Generator (tests 1-10) or Transformer (tests 11-1-f). 

L = Earthed fault. 

capacitance of the standard test-plant voltage-divider 
and connecting leads, totalling 2 400 p,/xF. It was, 
however, considered that although these tests would not 
be quantitatively correct for a normal breaker, if the 
percentage voltage distribution obtained agreed with the 
predicted value in the distorted case it would be a 
reasonable deduction that it would also agree for the 
undistorted case. 

Fig. 3 shows typical curves drawn from cathode- 
ray films of the tests made (Nos. 2, 3, 4, and 6). Fig. 4 
(Plate 1, facing page 144) is the cathode-ray oscillogram of 
test No. 2, and an analysis of all tests is given in Table 2. 
It will be observed that in the cases where cross-jet pots 
were fitted, the restriking oscillations across the whole 
breaker were those attributable to the true circuit with¬ 
out lealcage-resistance damping subsequent to the final 
zero. The oscillations acro.ss the second gap were only 
2 to 3 per cent of those across the breaker, showing 
close agreement with the estimated values. 

* See Reference (u). 
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In all cross-]et tests there was some residual charge 
on the moving contact of a relatively small value which 
affected the peak voltages by a few per cent, except in 
test No, 6, when an appreciable charge was left. This 


Tests Nos. 4 and 6 were made on the same breaker 
and with circuit connections as for tests Nos. 2 and 1 
respectively, except that the cross-jet plates were 
removed, converting it to the open-arc plain-break 





Fig. 3 

(a) Test No. 3. Cross-jet contacts. (c) Test No. 4. Plain break. 

4 670 amps, (r.m.s.). ^ 580 amps, (r.m.s.). 

(b) Test No. 3. Cross-jet contacts. (d) Test No. 6. Cross-jet contacts. 

14 900 amps (r.m.s.). 18 700 amps, (r.m.s.). 


was, however, of the same polarity as the arc voltage 
itself, and the second break in this instance actually 
hindered the action of the first to the extent of increasing 
the voltage peaks and rates of rise across it by over 
50 per cent above the applied system values. 


type. Considerable leakage current occurred at the 
final zero in both tests, damping out the high-frequency 
oscillations and grading the distribution of voltage as 
predicted. Fig. 6 (Plate 2) is an oscillogram of test 
No. 4 and is therefore comparable with Fig. 4. 
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The advantage of grading which may be obtained than with a single break, while, conversely, if it is 
from arc resistance by this class of multi-gap breaker as efficient the second arc will not take a fair share of the 
compared with controlled-arc breakers is more than restriking voltage. 



Fig. 5 .—Capacitance voltage-divider assembled in double-break oil circuit-breaker. 



Fig. 7.—Distribution of duty over double-gap 33-kV breaker, calculated from capacitance measurements. 

Curve (1).—^Breaker alone. _ _ 

„ (2).—Breaker with capacitance divider connected. 

offset by the erratic behaviour consequent on leakage Series II. 

current long arc lengths and durations, with their A second series of tests were made on a 33-kV metal- 

attendant mechanical and dielectric troubles. Neverr clad breaker fitted with a specially constructed capaci- 
theless, a plain breaker, if it is inefficient enough to tance divider, which increased the capacitance to earth 
permit* this leakage, will be better off with multi-breaks of the moving contact by only 12 This was made 
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* These figures for tests Nos. 8 and 17 are approximate only. 
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possible by reducing the capacitance of the connection 
between divider and cathode-ray deflection plates, and 
by incorporating it in the breaker as shown in Fig. 6. 


plates. The various capacitances in the breaker were 
measured by means of a 6 000-volt Schering bridge, and 
in Fig. 7 are given curves calculated from these for 



Fig. 10 

• Tests made at 358-2 720 amps, (r.m.s.). 

X Tests made at 5 400-7 270 amps, (r.m.s.). 

Continuous curve represents theoretical distribution (including divider). 


Table 4 

Three-Phase Tests on Double-Break Oil Circuit-Breaker with Cross-Jet Pots 


Tests with 2 breaks in series per phase 

Tests with 1 break per phase and 1 break short-circuited out 

Recovery 

voltage 

(phase to phase) 

Average 
r.m.s. current 
(initial) in arc 

Individual 
arc length 

Arc duration 
(Lcycles) 

Recovery 

voltage 

(phase to phase) 

Average 
r.m.s. current 
(initial) in arc 

Arc length 

Arc duration 
(1-cycles) 

kV 

amps* 

in. 


kV 

amps. 

in. 


21-5 

3 050 

2-64 

3-4 

15-4 

2 100 

2-95 

4-0 

22-1 

2 850 

3-3 

4'4 

16-3 

2 440 

2-95 

4-1 

22-4 

3 320 

3-3 

4-2 

18-3 

2 820 

3-05 

4-2 

23-7 

3 770 

2-64 

3-6 

21-4 

3 230 

3-05 

4-1 

23-1 

3 720 

2-64 

3-6 

23-8 

3 000 

3-05 

4-15 

26-8 

4 080 

2-8 

3-7 

25-2 

3 380 

3'3 

4-45 

26-8 

4 120 

2-47 

3-4 

26-6 

3 430 

3-3 

4-3 

27-2 

4 470 

3-14 

4-0 

27-4 

3 660 

3-3 

4-25 

27-2 

4 100 

3-3 

4-1 

28*9 

4 120 

3-3 

4-5 


Average Values 


24-6 

3 710 2-9 

3-83 

22-6 

3 120 

3-13 

4'24 




Percentage of double-break figures 





92 

84 

108 

111 


The divider was constructed in the form of a bushing, 
the banding wire of which was connected by a flexible 
lead to the moving contact, while an inner and adjust¬ 
able concentric cylinder was connected to the deflection 


voltage distribution over the gaps both with and without 
the divider, showing a negligible distortion. 

In order to prevent any error due to direct pick-up of 
voltage from the high-voltage incoming cable, the low- 
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voltage connection to the cathode-ray oscillograph was distribution becoming more uneven with longer arc 
shielded, and a test made with this lead disconnected at length. 

the divider gave zero deflection. The readings obtained In the particular breaker tested, the fibre jets are 
with the equipment are therefore correct within a few retained by long metal bolts, which increase the 
per cent. capacitance across the gaps and therefore tend to even 

The results obtained from these tests are given in out the duty. In higher-voltage breakers, interrupting 
Fig. 8 and are analysed in Table 3. Fig. 9 (Plate 3) is contacts constructed of insulation in which no metal is 
the cathode-ray oscillogram of test No. 13. employed become advisable (Fig. 12), and their aid is 



At the higher voltages equivalent to those for .which therefore lacking, while in addition the arc lengths 
the breaker was designed, the percentage of duty on the become longer. These factors, which tend to make the 
one arc averaged 77 per cent measured by the peak distribution worse, are offset by the increased oil dear- 
voltages of the restriking wave, or 79 per cent measured ances necessary to the tank walls, and a similar order 
by rate of rise of restriking voltage. Fig. 10 shows the of distribution may therefore be expected on higher- 
distribution determined by vqltage peaks, against arc voltage designs. 

length in inches. As the .breaker opens, the capacitance These tests show that the more efficient an arc inter” 
between fixed and- moving contacts decreases, while rupter'is made the nearer does the voltage distribu- 
that between-ifioving contact and earth increases, the tion across series gaps immediately after interruption 
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approach the capacitance-controlled condition. The less, 
therefore, is the advantage to be gained from multi-break 
construction, unless it is of such a design as to give 
properly graded distribution, which is not possible with 
a conventional earthed-metal-tank arrangement. In 
extreme cases it is even possible for the voltage across 



Fig. 12.—66-kV cross-jet explosion pot. 


one gap of a multi-gap breaker to exceed the entire 
restriking peak voltage across the whole breaker. 

A good arc-control device giving short arc lengths 
must of necessity allow only negligible leakage currents 
to flow, and its consistent performance does not depend 
upon fortuitous conditions due to the action of adjacent 
arcs. Multiplicity of breaks with this end in view will 
not, therefore, be justified. 


These conclusions have been borne out in practice. 
Increasing the number of series breaks does cut down 
appreciably the required mechanical stroke with many 
designs of plain oil breakers, although the advantage does 
not increase in direct proportion to the number of breaks, 
the total arc length being longer than that for an equiva¬ 
lent single-break unit. Also, arranging a number of 
highly efficient oil-blast contacts in series, with proper 
voltage grading, has been shown to increase the rating 
(measured by the restriking rate) in direct proportion to 
the number of breaks.* The tests given in Table 4 show 
that this is not so with controlled-arc type contacts 
arranged with the unavoidably bad static voltage dis¬ 
tribution associated with the conventional double-break 
arrangement. There is shovi^n to be only 10 per cent 
difference in individual arc lengths between the single 
and double break, although the stroke required for even 
one break may be less than that necessary for a multi¬ 
break plain oil circuit-breaker. 

DEVELOPMENT OF THE SINGLE-BREAK METAL- 

CLAD UNIT 

It was clear that many advantages would be obtained 
by the use of only one break, and, based on the above 
reasoning, a 66-kV single-break experimental breakejr 
was constructed for test purposes, generally similar to 
one phase of the 3-phase equipment shown in Fig. 11. 
New features incorporated in the detail design were the 
sliding contact necessary with a long-stroke single-break 
arrangement, and an appropriate cross-jet pot. 

The current is carried from the moving conductor to 
the fixed bushing, through a brass-to-copper spring- 
loaded sliding contact surface, similar to the tulip 
contact on the cross-jet pot itself. This has been found 
to carry heavy short-circuit currents without tburning, 
scoring, or seizing, provided the correct mechanical 
proportions are employed, tests having been made up 
to 82 000 (peak) amperes and 29 400 (r.m.s.) amperes 
at interruption. 

Although numerous tests had been made on a 66-kV 
double-break breaker equipped with cross-jet pots built 
up from fibre plates, bolted together, as has- been 
described in an earlier paper, j it was considered desirable 
to eliminate the metal securing bolts and the risk of 
breakdo-wn between these and the moving contact. The 
pot was re-designed on fully insulated lines (Fig. 12) in 
which the fibre jet assembly is held together by a wound 
bakelite paper tube having an internal insulating ring 
secured by bakelite studs. The tube itself is secured to 
the metal explosion chamber by high-tensile steel bolts 
screwed into transverse steel inserts. A rigid construc¬ 
tion of great strength is obtained, while no metal parts 
extend beyond the pressure-generating chamber. The 
pot is arranged with 8 transverse jets, and in principle 
of operation is identical with the previous designs. 

Short-Circuit Tests 

The experimental breaker was tested for high-voltage 
operation at relatively low currents (test plant A) and 
for high currents at low voltages (test plant B). The 
similarity in arc lengths at different voltages permitted 
the probable rating of the unit to be deduced synthetically 

* See References (6) and (7). ^ rSid., (8). 
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by multiplying current and voltage from different tests, 
and justified the production of 3-phase units for at least 
760 MVA. These were built as duplicates to the experi¬ 
mental model except in mechanical detail and in two 
small changes in the explosion pot. The contact exit 
throat was further restricted in order to aid in shortening 
arcs at low currents, while the pot internal diameter 


enced with the breaker in only two tests, as explained 
in the footnotes. 

Fig. 13 (Plate 4) is the magnetic oscillogram of a 
typical make-break test (No. 13) on plant C at 
600 MVA, in which a 16-element instrument is employed, 
recording on one film. Fig. 14 (Plate 6) is a portion 
of a 3-phase cathode-ray oscillogram for test No. 6 on 


Table 5 


Tests made on Single-Pole SB24 on Test Plant A 


Test No. 

Duty ■ 

Test voltage 

Recovery 

voltage 

R.M.S, current 
(initial) in arc 

Single-pliase MVA 
interrupted on 
recovery voltage 

Arc duration 
(^cycles) 

.4rc length 

1 

B 

kV 

42-6 

kV 

42 

amps. 

33 

MVA 

1-35 

7-0 

in. 

8-5 

2 

MB 

44-5 

44 

33 

1-45 

6-6 

7-6 

3 

B 

55 

54 

73 

3-9 

7-0 

9-5 

i 

4 

MB 

65 

53-5 

72-6 

3-9 

9-6 

11-5 

6 

B 

65*5 

60 

261 

16-8 

6-6 

8-6 

6 

MB 

66 . 

60 

258 

16-5 

6-6 

6-6 

7 

B 

66 

59-5 

1 590 

95 

4-5 

6-0 

8 

MB 

67-6 

55-6 

1 390 

77-5 

7-0 

7-6 

9 

B 

66 

62 

1 730 

107 

5-0 

6-6 

10 

B 

65 "6 

61 

1 670 

101-5 

5-25 

7-6 

11 

B 

16 

14 

7 600 

105 

4-0 

6-5 

12 

B 

16 

13*2 

7 500 

99 

16-6 

17.0* 


(New pot with original jets fitted.) 


13 

B 

64 

62-5 

6.8 

36 

27-5 

17-Of 

14 

B 

66 

63 

89 

66 

6-0 

8-6 

15 

MB 

65 

63-6 

87-6 

55-6 

9-0 

10-0 

16 

B 

64-5 

53-6 

44 

23-6 

7-6 

10-5 

17 

MB 

54-6 

63-5 

44 

23-5 

8-76 

10-0 

18 

B 

32-6 

28-6 

4 060 

116 

6-26 

7-0 

19 

B 

32-2 

28 

3 700 

104 

5-0 

7-5 

20 

MB 

13-8 

11-6 

2 320 

27 

6-0 

7-5 

21 

MB 

17-6 

14-4 

3 100 

44-5 

5-25 

6-5 

22 

MB 

10-8 

9-6 

. 3 640 

34 

5-0 

6-0 

23 

MB 

10-8 

9-2 

4 400 

40-5 

5-0 

6-6 

24 

B 

14-5 

12-8 

8 750 

112 

4-5 

7-5 

26 

B 

14-8 

13-2 

7 200 

95 

4-1 

6-6 

26 

B 

15-0 

13-3 

6 600 

87-5 

3-6 

5-5 

27 ■ 

B 

15-5 

13-7 

8 050 

111 

3-7 

6-0 


* Althougli the breaker cleared, the cross-jet pot burst on this test and was rebuilt with a considerably stronger tube, since when no fracture has occurred on 

any test. ^ breaker arced to the end of the stroke before interrupting. This actual condition could not arise in 06-kV service, since even with a 

■Lnhle faSt thfhikest voltagfacroS Sie phasrwould not exceed 67 000 volts. More important, however, is the fact that such sm^l cureents could not occur m 
aif actual system the low lagging power factors at which these tests were made. They would be either load currents at approximately unity powei factor, o 

"^"!iofd“™t rs 4TeSy totefr'^S appearing across the contacts only rises along a 60-cyele wave, instead of along a high-frequency 

oscmatm^a^th^sjsten^atur^ osmUa^icg ^ 9^iti^^^ the rate of build-up of volta^ is again very low. 
breakdovra [see Reference (9)] causes high voltages to be built up. tnic nhpnnmennn does 


Difficulty only occurs when repeated subsequent 
Tests have shown that this phenomenon does not occur on breakers equipped with cross jets. 


was reduced slightly in order to speed up operation over 
the whole duty range. Single-phase and 3-phase tests 
were then made on two further plants (C and D). On 
account of the slight changes made, test-'fesults obtained 
on all four plants can be considered to be comparable. 

Every test made on plants A, C, and D, has been 
tabulated (see Tallies 5; ''6, 7, and 8), and a typical 
selection of—the heavy-current shots on plant B. 
Throughout the entire programme, trouble was experi- 


plant C, and is analysed in the Appendix. Fig. 16 
(Plate 6) is an oscillogram of a typical 3-phase test 
at over 1 000 000 kVA on plant D. The similarity 
in arc durations and lengths, independent of voltage, 
is shown in Figs. 16 and 17, in which every single- 
or S-phase test made on the 66-kV single-break unit 
has been plotted. For purposes of comparison with 
single-phase tests, the first phase to clear of 3-phase 
tests has been selected, associated v/ith 86- 6 per cent or 
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R.M.S. amperes interrupted 

Fig. 17.—Summary of short-circuit tests made on 66-kV single-break oil circuit-breakers. 






















DAVIES AND FLURSCHEIM: DEVELOPMENT OF THE SINGLE-BREAK 


57 per cent line recovery voltage as determined by the 
system earthing connections. 

Three-phase tests have been conducted up to 1 029 


(3-phase). With similar arc lengths, the contact has 
withstood the pressures generated by currents of 2|- times 
that in the above test, corresponding to a figure of nearly 


Table 6 


Typical Tests made on Single-Pole SB24 on Test Plant B 


Test No. 

Duty 

Test voltage 

Recovery 

voltage 

R.M.S. current 
(initial) in arc 

Single-pliase MVA 
interrupted on 
recovery voltage 

Arc duration 
(^-cycles) 

Arc length 



UV 

IcV 

amps. 

MVA 


in. 

1 

B 

4-8 

3-23 

11 600 

37-2 

2-9 

4-0 

2 

MB 

5-07 

3-23 

11 250 

36-4 

3-4 

3-6 

5 

B 

6-2 

4-2 

10 200 

43-0 

4-2 

5-9 

6 

MB 

6-4 

3-9 

10 300 

40-6 

4*5 

6-9 

14 

B 

8-6 

5-8 . 

15 200 

89 

3-8 

5-9 

15 

B 

9-2 

7-2 

19 400 

141 

3-7 

5’9 

16 

MB 

9-2 

6-7 

28 400 

190 

6-7 

7-3 

17 

B 

9-7 

7-6 

22 400 

171 

4-0 

5-7 

31 

MB 

9-6 

7-8 

21 200 

173 

6-5 

7-0 

32 

MB 

9-3 

7*5 

25 600 

193 

6-3 

6-0 


Table 7 


3-Phase Tests on SB24 on Test Plant C 


Test No. 

Duty 

Phase-to- 
phase test 
voltage 

Phase-to- 
phase recov¬ 
ery voltage 

R.M.S. 
current 
(initial) in 
arc (average) 

3-phase MVA 
interrupted 
on recovery 
voltage 

Breaker 
operating 
time (cycles) 

Arc duration 
(i-cycles) 

.“^ro length 

Rate of rise of restrildng 
voltage 

Actual 
voltage per 
microseo. 

Inherent 



kV 

kV 

amps. 

MVA 

cycles 


in. 



T7 

B 

34-2 

33-8 : 

250 

14-5 

6-7 

6 

8-9 



1 

B 

64*2 

63 

600 

64-4 

5'7 

6 

9-2 

950 

920 

2 

B 

64*2 

69'5 

3 200 

328 

6-2 

3-8 

8-0 



3 

MB 

61-5 

53 

2 240 

205 

6-3 

4-9 

8-3 

1 


4 

MB 

62-8 

57 

3 840 

379 

6-7 

4-7 

5-7 



6 

MB 

64-2 

51-5 

4 630 

403 

5-6 

4-0 

5-9 

2 130 

2 660 

6 

MB 

61-5 

51 

4 400 

387 

6-85 

4-6 

7-4 




(New contacts and cross-jet pots fitted) 


Til 

B 

32-9 

32-9 

286 

16-3 

6-15 

4-2 

7-2 

7 

B 

67-2 

66 

510 

68-8 

6-6 

5-2 

10-0 

8 

MB 

67-2 

66 

420 

47-4 

6-0 

6-8 

8-7 

9 

B 

66-6 

69-3 

3 150 

323 

6-45 

4-8 

9-7 

10 

B 

66-6 

57-5 

6 160 

513 

6-1 

4-2 

S'l 

11 

MB 

67-2 

53-4 

4 400 

407 

6-1 

6-2 

7-5 

12 

B 

68-4 

54-2 

6 310 

592 

6-6 

4-7 

' 8-5 

13 

MB 

67-2 

54-2 

6 350 

600 

6-4 

6-8 

8-6 

14 

MB 

70-8 

54-2 

7 420 

694 

6-1 

5*6 

7-8 


2 620 


3 250 


All tests with switch star-point earthed. 

Tests Nos. 1-9—Transformer neutral insulated. 
Tests Nos. 10-14—^Transformer neutral earthed. 


MVA at 59 kV recovery voltage, and single-phase tests 4 000 MVA, obtained synthetically by multiplication of 
have also been made up to 760 MVA at 70 • 8 kV recovery maximum currents and voltages from the separate tests, 
voltage, directly equivalent to 1 520 MVA at 82 kV ' While a reasonable factor of safety, varying wit t e 
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consistency of operation of the breaker, must be allowed 
in the rating of breakers from synthetic tests, such a 
figure is of value in demonstrating that a margin' exists, 
and the method is in fact the only one available of proving 
the larger breakers on existing test plants. 


equipment. Commencing at about 22 kV, and upwards, 
the oil clearances required for insulation purposes 
demand relatively larger tanks with multi-break con¬ 
struction, in consequence of which a reduction in breaker 
size is made possible by the small tank diameters asso- 


Table 8 

Tests made on SB24 on Test Plant D 
Three-Phase Tests 


Test No. 

Duty 

Phase-to-pliase 
test voltage 

Phase-to-phase 
recovery 
voltage 

R.M.S. 
current 
(initial) in arc 
i (average) 

i 

i!-phase MVA 
interrupted 
on recovery 
voltage 

Breaker 

operating 

time 

(cycles) 

Arc duration 
(il-cycles) 

Arc length 


4411 

B 

kV 

17 

kV 

13-5 

amps. 

1 050 

MVA 

23-4 

■» 


1-5 

ill. 

4-5 


4411 

MB 

17 

12-3 

880 

18-8 

— 


1-5 

4-5 


r 4412 

B 

66 

67-5 

8 500 

877 

7-1 

U: 

3-0 

6-6 



3 minutes 









4412 

MB 

66 

60-2 

6 800 

577 

7-25 J 


3-1 

6-9 


4413 

B 

12-1 

12-1 

970 

20-5 

4-9 


2-0 

4-2 


4414 

B 

66 

57-8 

10 400 

1 019 

5-8 


3-0 

6-6 


f 4415 

B 

66 • 

58'9 

9 500 

1 026 

5 ■ 6 


2-3 

5-6 



3 minutes 









4415 

B ! 

66 

60-2 

9 000 

993 

5-3 


2-18 

4-7 



3 minutes 









[4415 

B 

66 

60-2 

9 150 

983 

5-3 


2-33 

4-75 


* Trip ooil under-excited in these tests. 


Single-Phase Tests on New Contact and Pot Assembly 




Single-phase 

Single-phase 


Single-phase 

MVA 

interrupted on 
recovery 
voltage 

Breaker 

operating 

time 

(cycles) 

Arc duration 
(Pcyolcs) 

Arc length 







MVA 



in. 


r 4416 

B 

76 

69-5 

9 700 

695 

5-25 

2-37 

4.4 

-< 


3 minutes 








4416 

B 

76 

68 

8 350 j 

564 

6-30 

3-25 

7-0 


[ 4417 

B 

76 

70-8 

10 800 

760 

5-50 

2-64 

6-2 



2 minutes 








[4417 

B 

76 

— 

9 550 

— 

6-40 

3-0 

7-Ot 


t External flashover between temporary test bushings and earth short-circuited the breaker on this test. 


All tests with transformer neutral earthed. Switch star-point insulated. 


COMPARISON OP COMPLETE SINGLE-BREAK 
AND DOUBLE-BREAK METALCLAD EQUIP¬ 
MENTS 

It has been shown that with an efficient arc-control 
device one break gives consistent and reliable operation; 
while if two or more breaks are used, with normal metal- 
clad design, each will need to be equally long, and the 
total arc length and consequently oil deterioration will 
be increased almost in proportion to the number of 
breaks. Mechanically, however, single-break construc¬ 
tion is not so well adaptable to low-voltage as to high- 
voltage breakers, as it is difficult to produce a design 
simpler than the conventional double-break 11-kV 


dated with single-break design. This is illustrated in 
Fig. 18, which shows to scale the plan views of a double¬ 
break 66-kV round-tank breaker, a double-break 66-kV 
oval-tank unit designed to reduce the phase centres but 
requiring very heavy construction in order to maintain 
the desired strength, and a 66-kV single-break round- 
tank unit. 

Fixed Breaker, Single-Busbar Equipments 
The reliability of the modern controlled-arc breaker 
has reduced the necessity for removable circuit breakers, 
and unit construction of breaker, isolators, and busbars, 
has become a practicable proposition. The single-break 
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design lends itself very readily to this form, and Fig. 11 
shows such an arrangement for a 66-kV single-busbar 
system which has been in service since September, 1934. 
Isolation is effected by means of oil-immersed ganged 
blades, interlocked with the breaker and controlled from 
the operating passageway by hand-wheels. They have 
running, isolated, and earthed positions, in the last of 
which the blades themselves are visible through oiltight 
windows in the isolating chambers. 

The busbars are constructed in the form of condenser 
bushings having sheet-metal earth bands reinforced by 
banding wire soldered on. Provision for longitudinal 
expansion and contraction is made at one end of each 
bar by means of a stuffing-gland joint at the entry into 




The cable-sealing end is inclined in order to reduce the 
headroom required and to permit a large radius for the 
cable bends. 

Fixed Breaker, Duplicate Busbar Equipments 

Fig. 19 shows a duplicate busbar arrangement for 
voltages up to 132 kV, the feeder switches being arranged 
in a row and the three phases for each breaker being in 
a column. The breakers therefore run in a line at right 
angles to the centre line of the thi'ee phases of one feeder. 
Each single-break switch is mounted over the correspond¬ 
ing phase of duplicate busbars, being separated from 
these by a fireproof floor, while the busbar and its 
duplicate are again separated from one another, each 
being in its own tunnel. The cables for one feeder pass 
along the chamber which accommodates the three single¬ 
break switches, through a fireproof partition at the end 
into one of several tunnels accommodating feeder cables 
only. The control cables pass along a separate duct 
parallel to the main feeder. Independent mechanisms 
are shown on each phase in the interests of extra-high¬ 
speed operation. 

Fig. 20 shows a 33-kV fixed-breaker duplicate-busbar 
design. Both this equipment and that in Fig. 19 are 
suitable for either indoor or outdoor mounting. 





Round-tank cross-jet single-break 



Relative oil 
volume in tanks 


Fig. 18.—Comparison of single- and double-break 66-kV oil 
circuit-breakers. 


the isolator chambers, the bearing surface of the bar at 
this point being a brass sleeve shrunk on to the paper 
of the bushing. The usual flexible bellows are thereby 
eliminated. Further provision is made for slip between 
the conductor and paper winding, the arrangement being 
such that adhesion between paper and conductor is 
provided for a few feet at one end only, sufficient to 
prevent oil seepage along the joint. Deterioration by 
the tearing action which would otherwise follow on the 
unequal longitudinal expansion of rod and insulation is 
thereby obviated. Satisfactory service of a large number 
of condenser bars has proved the soundness of this design. 

The ends of bushings entering the interrupting tank 
are protected by porcelain insulators from hot gases and 
creepage discharge due to carbon deposit, the annular 
oiltight spaces formed being pre-filled with clean oil. 


Removable Breaker Equipments 

Although fixed designs are adequate for most installa¬ 
tions, and are considered advisable for outdoor gear, for 
large generating stations the increased flexibility of 
operation and maintenance aflorded by removable 
breakers may justify the additional cost, while station 
designers have recently in several instances specified two 
removable breakers per circuit. It is recognized that 
isolation at 66 kV and over is best efiected under oil, 
and for this reason vertical lift-up gear is to be preferred 
to horizontal or drop-dovra air-isolated withdrawal 
arrangements, since oil-immersed plugs and sockets can 
be employed. Fig. 21 shows a duplicate-busbar single- 
break arrangement of this type. 

Maintenance 

Maintenance is facilitated by the accessibility of the 
contacts, which can be inspected and withdrawn through 
the hinged swing door without the usual necessity for 
lowering tanks, while the parts to be maintained are 
halved in number as compared with the conventional 
units. The bushing-type current transformers can also 
be removed with the minimum of disturbance to other 
parts of the gear. 

Provision for cable testing is made by three portable 
bushings, which can be inserted through the opening in 
the top of the feeder isolator chamber, as indicated in 
Figs. 19 and 20. The isolator blades are then rotated 
into contact with the bushings, thus permitting test 
voltage to be applied to the cables, while two cores may 
be earthed if desired. 

Apart from the advantages gained by single-break 
design, the fixed-tank arrangement also lends itself to 
easy oil handling, by means of a permanent pipe and 
valve system. 
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Flate 2 



Fig. 5 .— Cathode-ray oscillogram of plain-break operation {test No. 4) 

(а) Voltage across earth side of breaker (V^)- 

(б) Voltage across entire breaker {Vj + V^)- 
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Plate 3 



13 


i-ray oscillogram of cross-jet breaker operation (test No. 13). 

(а) Voltage across earth side of breaker (F^). 

(б) Voltage across entire breaker -i- F^). 
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Plate 4 


Phase Y-Phase B generator 
terminal voltage 


Transformer secondary currents 
through breaker 


Transformer primary currents J 


Phase B—earth voltage- > 


Phase B arc-energy- > 


Phase Y—earth voltage-> 


Phase Y arc-energy->- 


Phase R—earth voltage- > 


Breaker travel, 1-75 in. per 

step- 

Phase R arc-energy- 

Tank pressure- > 


Trip-coil current 


-> 



Fig. 13. —Magnetic oscillogram of “ make-break ” short-circuit test at 600 000 kVA. 
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Fig. 14.—Cathode-ray oscillogram of 3-phase short-circuit. 

{a) and [b) Voltage across blue and red phases, clearing simultaneously i cycle after yellow phase, 
(c) Voltage across yellow phase, the first to interrupt. 
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Plate 6 


Tank pressure 




Short-circuit current, 

phase B-; 

Phase B —neutral—; 
voltage 


EAK KILO-VOLTS 


Trip-coil current-5>- 


Short-oircuit current, 
phase V- i 

Phase Y—neutral —5 
voltage 


PEAK KILO-VOLTS 


■ gQgfiO 

travel INOICATOR 


Breaker travel 


Short-circuit current, 

phase R- > 

Phase R—neutral 
voltage 


Fig. 15. —^Magnetic oscillogram of 


break 


short-circuit test at 1 029 000 kVA, 
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Fig. 21.—Duplicate-busbar reraovable circrxit-breaker equipment. 


A = No. 1 busbar (condenser bushing). E'= Voltage transformer. 

B = No. 2 busbar (condenser bushing). F = Current transformers. 

C — Oil-immersed plug spouts and shutters. G = Removable lift-up oil circuit-breaker 

D = Cable-earthing switch. 


''//// ^ / / / / ////// y ///// / 
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CONCLUSION 

The single-break metalclad high-voltage breaker with 
arc-control contacts enables a reduction to be made in 
weight, space occupied, oil volume, and in^ overall 
installed costs for complete high-voltage equipmen^ts, 
while at the 'same time it facilitates and reduces the 
maintenance work required. It provides an interrupting 
capacity equal to that of the multi-break construction, 
and faster overall operating times can be obtained, 
owing to the reduction in accelerating forces required. 
If necessary, an operating time of 6 cycles ^ 

receipt of tripping impulse to interruption on a 66-kV 
system, can be obtained with special flux-dmertmg 
magnetic latching devices, with a consequent increase 
in system stability under fault conditions. 

It is expected that the single-break metalclad con¬ 
struction will be extended to higher voltages as the de¬ 
mand for this class of gear arises, no difficulties being anti¬ 
cipated at any working voltage employed in this country. 
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. In the actual test, this rate has been modified by 
various phenomena as is shown in Fig. 22(&), where it 
is represented by 

2 130 volts per microsec. 

The effective value of the fundamental about which 
the restriking wave oscillates has been reduced 2 per cent 
by the circuit phase angle diSering from 90 , which 
reduction is chiefly due to power factor, the wa,ve being 
almost exactly symmetrical. 

In addition, the fundamental has a sub-transient rise 
of 12 per cent during the first 100 microsec., and, since 
the theoretical values do not allow for this phenomena, 
the amplitude of the first peak restriking wave is reduced 
below the calculated value in this instance by 7 per cent. 

The arc voltage has caused an increase in amplitude 
which has been further augmented by the reverse wave 
due to current “ cut off” prior to the true zero, at a 
value of 6 amperes. The slope of the tangent has, 
however, been reduced owing to the additional time 

introduced by the reverse wave more than counter¬ 
balancing the increase in amplitude. 

Subsequent Phases to Clear (B and R). 

In these cases the calculated instantaneous 60-cycle 
recovery voltage appearing across each phase is. 
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= 2 870 volts per microsec, 
iV 2 =■ 2 COO volts per microsec. 


(a) Inherent restriking waves. 


"■'(crosec, |_ ... 

microsec. ' * 

Fig, 22.—^Analysis of first phase to clear. 


jV;i = 2 ICO volts per microsec. 
(6) Actual restriking wave. 


o 

< 8 - 0 . 


&0~ wave 


mm 


iV ^ =5 2 530 volts per microsec. 
^ 2 320 volts per microsec. 


. — -cvo I- 


. .K, h- -2^8 “ 2 volts per microsec. N, - 2 400 volts per microsec. 

Fig. 23.—Analysis of last phases to clear of film shown in Fig. 14. 

(6) Actual restriking wave, phase B. Actual restriking wave, phase R. 


(a) Inherent waves. 
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V 0-74 X \/2 X (phase factor of 0-866) 

V 3 = 34 800 volts 

The phase factor is due to the final current zero 
occurring 90° after the first phase clears, at a time when 
the phase voltages are only 0'866 X maximum. 

The main frequency in this case is 16 900 and the 

undamped inherent rate is 

N, = 4-65 X 34 800 X 16 900 X 10"® 

^ = 2 530 volts per microsec. 

giving a damped rate of 

JVg = 2 320 volts per microsec. (Fig. 23). 

Owing to the change in vector relationships produced 
by power factor and asymmetry, the total voltages 
appearing across the two final phases to clear need not 
actually be as great as the phase-to-phase peak, noi 
need this final zero occur 90° after the first phase clears. 
Normally, the total voltage, with insulated neutral and 
earthed fault, will be distributed equally between the 


phases, with the neutral oscillating, but if any asym¬ 
metry in the electrical system exists, out-of-balance may 
result and in this instance the voltages occurring are 
36 500 (phase B) and 32 600 (phase R). The remaining 
modifying factors occur as in the former case, except 
that their net effect in this instance has been to raise 
the observed rate above the inherent to a value of 

jVg = 2 660, and N, = 2 400, volts per microsec. 

Table 9 summarizes the data for three tests, and it 
will be seen that in all cases the current was cut off 
before the true zero, showing that no leakage current 
flowed during the restriking period—an important factor 
in the reliability of the contact. At the same time, the 
value of cut-off was never high enough to cause dangerous 
voltage peaks on the system: such over-voltages as were 
produced on these tests would be considerably less on 
an actual system, when the frequency would be lower 
owing to the presence of the metalclad structure and 
cables, and in consequence the capacitance would be 
greater. 


Table 9 


Restriking-Voltage Analysis 



Test No. 1. <tlOr.ni.s. 
symmetrical amps, in arc 

Test No. 5. 4 750 r.m.s. 
symmetrical amps, in arc 

Test No. 12. 6 470 r.m,s. 

symmetrical amps, in arc 

Type of fault 

Earthed fault. Insulated neutral 

Earthed fault. Insulated neutral 

Earthed fault. Earths 

id neutral 

Sequence of phase interruption 

1st 

Last 

1st 

Last 

1st 

2nd 

3rd 

R 

B 

y 

Y' 

B 

R 

B 

Y 

R 

(1) Inherent rate for resistance- 
damped system 

1 000 

8.10 

810 

3 600 

3 130 

3 130 

6 600 

5 000 

6 000 

(2) Inherent rate (1) corrected for 
recovery-voltage decremenb*' 

980 

790 

790 

2 620 

2 320 

2 320 

3 820 

3 300 

3 300 

(3) Inherent rate (2) corrected for 
phase shift due to power 
factor and asymmetry com¬ 
bined .. 

920 

650 

560 

> 

2 660 

2 300 

2 300 

3 170 

\ 

3 260 

3 250 

(4) Actual observed rate .. 

950 

750 

No record 

2 130 

2 560 

2 400 

2 610 

2 450 

2 620 

(6) Cut-off value of current, amps. 

4-1 

6-1 

— 

6-0 

2-3 

0-9 

1-7 

4-0 

2-4 

(6) Peak of restriking wave, kV .. 

179 

117 

— 

114 

81 

70 

56 

87 

69 

(7) Theoretical max. peak for an 
infinite 66-kV system 

162 

108 

108 

162 

108 

108 

108 

108 

108 

(8) Theoretical peak (7) corrected 
for decreasing power factor 
and asymmetry of test* 

145 

71 

71 

114 

77 

77 

63 

63 

63 

Increase of (6) over (8), kV 

■f 34 

-f 46 

— 

0 

+ 4 

__ 7 

— 7 

-P 24 

4- 6 


The value used is that assun ^ing the reaches its 50-cycle value in^^eously without the suh-transieat rise noted in some instances.. 
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DISCUSSION BEFORE THE INSTITUTION, 20th FEBRUARY, 1936 


Mr. H. A. Ratcliff: I should like to throw a little 
light on the origin of the gear described in the paper. 
It became very evident a few years ago that, if large 
blocks of energy were to be transmitted and distributed 
effectively and efficiently in dense load centres such as 
London and the larger provincial cities, it would be 
very desirable, if not actually inevitable, to make use 
of a transmission voltage of 66 kV; this necessitated 
a review of the position on both economic and technical 
grounds. There are three principal links in the chain of 
transmission and distribution: the transformers, the 
cables, and the switches. Good transformers and cables 
were obtainable; it was the switches which were the 
real stumbling-block, as those available at that time 
were quite unsuitable for the conditions which we had to 
meet, on account of their colossal dimensions. 

There was another equally serious matter to be con¬ 
sidered. In London, and to a less extent in the provin¬ 
cial cities, the cost of the site required to accommodate 
the gear is comparable with the cost of the switches, 
and in some cases a suitable site cannot be obtained. 
Moreover, the considerable volume of oil contained in 
these very large switches entails a substantial expendi¬ 
ture on the provision of effective devices for fighting 
oil fires which may occur as the result of trouble with 
the switchgear. 

That, then, was the position. Obviously it was a 
very undesirable position from the point of view of 
supply undertakings, and it was also obvious that 
something had to be done to remedy it. We had regard 
to the very excellent work which had been done by 
the Electrical Research Association and others, and 
decided to approach the manufacturers of switchgear 
on the matter. We explained the situation to them, 
told them exactly what our requirements were, and 
asked them to endeavour to break away from their 
tendency towards the construction of switchgear of 
excessive physical dimensions. The paper contains 
experimental proof of the excellence of the type of 
switch which the manufacturers developed to meet 
our requirements. 

One of the striking features of the paper is the reference 
to the division of the static potential between the con¬ 
tacts of the multi-break switch. It is not quite certain, 
however, .that those conditions will prevail in switches 
under operating conditions. The practical success of 
the switch is doubtless due primarily to the action of the 
cross-jet pot, and to the authors’ very effective means of 
making contact with the moving portion of the switch. 

I think it is very remarkable that the single-break 
switch has never been developed before. Probably one 
of the principal reasons has been the difficulty of making 
effective contact with the moving portion. The double¬ 
break switch is a very obvious way of overcoming that 
difficulty,, and consequently the prevailing practice 
to-day is to employ such a switch. 

The two most interesting items in the more theoretical 
part of the paper are the reference to restriking voltage, 
and the oscillograph records of arc energy. The ai'c 
energy is aipparently a function of the current, the arc 
resistance, and time. It is proportional, I think, to 


some power of the current less than the square, on 
account of the physical characteristics of an arc. 
Although this arc energy is the initial cause of all the 
trouble, and therefore is a quantity to be handled 
effectively, it is really a very small quantity compared 
with the kVA rating applied to the switch. The sooner 
we abandon kVA ratings the better. It is clearly 
evident from the test results that the cross-jet pot handles 
both the arc energy and the restriking voltage effectively. 

We naturally thought that if we could reduce the 
weights and dimensions of these switches the price 
would probably come down in something like the same 
proportion. Unfortunately it has not quite worked out 
in that way, but there has been a very real saving on 
land and buildings due to the considerable reduction 
in the space occupied by the switches. 

In conclusion, I should like to make an acknowledg¬ 
ment of the valuable work which has been carried out 
in the switch-testing stations which are now available 
in this country. I should also like to express the hope 
that the paper will give an impetus to 66-kV development. 

Mr. R. W- Gregory: This paper shows that under 
test conditions the single-break cross-jet pot type of 
circuit breaker using the normal earthed metal tank is 
just about as good at rupturing faults as the double¬ 
break cross-jet pot breaker. On the basis of these tests 
the authors have built and described a form of metalclad 
switchgear with a single-break circuit breaker which they 
claim, with some reason, is simpler in layout, lighter in 
weight, and takes up considerably less room, than 
double- and multi-break designs for the same duty. 

It is this saving in weight and dimensions that to my 
mind is the main justification of single-break switchgear, 
as it makes possible a reduction in works cost which 
should ultimately reach the customer. Switchgear 
users as distinct from switchgear .manufacturers are 
agreed that switchgear, generally, costs too much for 
what it has to do, and the supply industry, I feel sure, 
will welcome any sound design of switchgear that tends 
to keep the cost low. A power-station switchgear 
installation at present costs as much as or more than 
the alternators themselves, which is wrong. 

The single-break circuit breaker described in the 
paper is of the cross-jet pot type, which, like the explosion 
pot, turbulator, and expansion breaker, makes use of the 
energy of the arc itself to extinguish the latter and 
break the circuit. The arc-extinguishing effect is 
generally a function of the current, and so one finds the 
curious anomaly that it is much easier with this type of 
breaker to break a high kVA than a low kVA. This, 

I think, is indicated by Test No. 13 in Table 5, which 
shows a small current arc continuing for 27 • 5 half-cycles 
and of length equal to the total length of the break of 
the circuit breaker. Considerable ingenuity has been 
devoted to improving arc-control devices of this type, 
in order that the low-kVA arc may be contained and 
dealt with inside the control device itself. 

There appears to be small technical reason why for^ 
a given voltage a breaker of the explosion-pot type, of 
high kVA rating, should not be as cheap as one of low 
kVA rating, because it is much easier to break the high 
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power than the low, and I visualize in the future a range 
of circuit breakers rated on voltage only with an upper 
li mi t of rated rupturing capacity for each voltage. 
This would be a very desirable achievement in that it 
would encourage in the electrical industry the use of 
voltages proportional to the power to be dealt with. 

The curves in Figs. 7 and 10 show the advantage of 
the single-break over the double-break switch when the 
arc lengths are long, but when the arc lengths are short 
the advantage is not quite so great. In my opinion, 
one of the future essentials of circuit-breaker practice 
will be that the circuit shall open at very high speed. 
This high-speed break can, I think, best be obtained 
along the lines of the oil-blast or impulse type of breaker 
referred to in the paper, in which the oil is forced between 
the contacts by some form of outside pressure, not 
dependent on the arc itself, and at such a rate that the 
high impulse strength of the oil actually overcomes the 
rising restriking voltage. 

The demand for circuit breakers is a function of the 
reliability of the apparatus controlled by the breakers. 
The old solid low-voltage cable systems of years ago 
were connected to the busbars through ordinary knife- 
switches. I know of a 6 000-volt system which has been 
in operation for about 40 years and has had only two 
faults in that time. A 300-mile 20-kV cable system has 
about one fault per annum, and the very high-voltage 
oil-filled cables which are now being used in this country 
have never yet called upon the circuit breakers con¬ 
trolling them to operate on fault conditions. If every 
supply system were built upon the basis of good under¬ 
ground, cables the need for a multitude of high rupturing- 
duty circuit breakers would be very much reduced. 
The real friend of the circuit-breaker .manufacturer is 
the overhead line, which is vulnerable to lightning, fog, 
dirt, snow, and external mechanical damage, both 

unintentional and malicious. 

In normal times, .lightning faults are the most to be 
feared, and in dealing with them the objective is to cut 
off the power arc which follows the flashover before it 
does any damage to the insulation. When this is done 
the circuit remains healthy and can be immediately re¬ 
energized. It has been proved on d.c. railway work 
that lightning damage is almost entirely eliminated if 
the power is switched off the line as soon as the flashover 
occurs, and the use of d.c. high-speed breakers operating 
at 0-02 sec. between the fault and the clearing has 
ensured the maintenance of service. One of the ways 
of attacking the lightning problem on overhead systems 
in this country is to employ the saxne methods as are 
adopted on traction systems, namely very high-speed 
reclosing breakers; and I am sure that the explosion pot 
is not the last word in this direction. Treatment of the 
problem in this way may ultimately result in siinplified 
protection and in a general cheapening of the distribution 
system. 

. I am a great believer in metalclad switchgear. It 
prevents trouble from wandering arcs and conducting 
vapours, and, in spite of a recent experience, if properly 
arranged, it will actually reduce the fire risk. 

I am fairly certain that "if the Hell Gate station in 
New York had been equipped with metalclad switchgear, 
properly laid out, there would not have been a " black 


out ” in Manhattan on the 15th January, 1936, nor would 
there have been any serious damage in the switch-house. 

Mr. H. W. Clothier: Four years ago I was appre¬ 
hensive about the reliability and consistency of opera¬ 
tion of boxed-type arc-control devices.Subsequent 
experiences have justified this fear, but the art is now so 
far advanced and the design and performance of such 
devices are so well within control that confidence in 
them has been established. 

I accept the authors' theoretical considerations regard¬ 
ing the distribution of restriking voltage within twn arc- 
control pots as compared with one, and it is possible 
under certain conditions to obtain as short arc-durations 
with one turbulator or cross-jet pot per phase as wfih 
two in series per phase. The distribution of restriking 
voltage is, however, only one of the many factors 
determining the quality of a design. 

The paper will help to make users realize the very 
large amount of research and commercial testing wmrk 
that is being done in this country with the object of 
improving the reliability of devices for clearing faults on 
generating and transmission systems. Not the least 
important factor in this connection is the rivalry between 
manufacturers who are aiming at the clearance of faults 
with minimum disturbance to the system by circuit¬ 
breaking in minimum time. Table A establishes a record 
in recent testing with a single-break oil-immersed 
circuit breaker fitted with self-generating arc control. 
The average arc-duration was only 2 • 2 half-cycles, and 
the average arc-length was 4-0 in. The results refer 
to single-phase tests at 57 kV (i.e. 1'5 x 66/-\/3 kV), 
made at the Reyrolle short-circuit testing-station. 


Table A 


Current troken 

Arc duration 

Arc length 

amps. 

half-ovcks 

ia. 

600 

2-5 

4-75 

1 060 

2-5 

4-75 

1 840 

2-0 

3-55 

3 490 

2-0 

3-55 

6 080 

2-0 

^ 3-65 


I question the authors' suggestion of a possible 
4 000-MVA performance when ascertained by the syn¬ 
thetic method, which is one of anticipation rather than 
realization. In Fig. 13 it is shown that with only 
600 MVA a tank pressure of 90 lb. per sq. m. is obta . 
What may be the tank pressure at nearly seven times this 

^^S)rizontal single-break arcing contacts of 
break type with magnetic blow-out ^ 

internal cylindrical encMsure were installed 1^1919,^ 
the then largest generating station equipped 
clad switch|ear,t but it was 

practice, and proved by ^sting-station experience^^^^^ 
a better performance was obtained with arc y 

means of four plain breaks in series. For voltages of 
33 kV and upwards, owing to their longer arcing times. 
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plain bi'eaks are not as good as modei'n arc-control pots 
of the cross-jet and turbnlator types, but in my opinion 
plain breaks will continue to, have advantages, particu¬ 
larly for heavy-current service on voltages up to 12 kV. 
As I pointed out in I'eplying to the discussion on niy 
paper at Bristol in February, 1934, circuit breakers 
with arc-control by 2-break plain contacts have been 
proved to have consistently short arcing times.* If the 
efficiency of a circuit breaker is to be judged on the 
merits of short-time clearance with certainty and con¬ 
sistency of operation coupled with the simplest and 
most accessible working parts, I advocate draw-out type 
circuit breakers equipped with 2-break plain contacts. 

Dealing with the types of construction shown in 
Figs. 11, 19, 20, and 21, the advantages of the single¬ 
break arc-control device on 66-kV gear could be obtained 
just as economically by adherence to conventional 
designs. For example, in the authors’ designs the 
avoidance of parts moving through oil joints is obtained 
at the expense of placing the arc-control device upside 
down. This has the disadvantage that carbon particles 
and metal globules may settle within the pot and on and 



{a) 


Fig. A.—Various types of oil-immersed circuit breakers. 

(a) Fixed-taiik type (con-esponding to tj^es illustrated in the paper), requiring 
oil joints. 

(h) Ren.ovable-tanl< type, double break, not requiring oil joints. 

(f) Removable-tank type, single break, not requiring oil joints. 

around the surface of the bottom insulator. I prefer the 
orthodox tank, construction because it provides moi'e con¬ 
venient access to working parts, and, as Fig. A shows, 
the single break does not save so much as might at first 
be supposed. With regard to the space-saving issue, it 
is of interest to compare the authors’ single-break 66-]<V 
designs with a metalclad construction- with orthodox 
tanks that was in use priorf to the developments under 
discussion (see Fig. B). It will be seen that little or no 
saving has been made in space occupied. 

Two arc-control devices in series are still amply 
justified on the score of greater convenience in con¬ 
structional detail. The horizontal rotary moving- 
contact circuit breaker, shown diagrammatically in 
Fig. C, is an example of this which also has been proved 
to give the required reduced arc lengths and arcing times 
for 132-kV circuit breakers, and it is to be used on the 
British grid. The arc duration is about 3|- half-cycles at 
the full rated capacity with 5 cycles total clearing time. 
Thanks To the disposition of the moving parts, the ratio 

* Journal I.E.E., 1934, vol. 75, p. G56, Fig. GG. 
t Ibid.-, 1932, vol. 71, p. 200, Fig. 21. 


of the restriking voltages at the breaks is practically 
constant throughout the travel, and for this reason, as 
well as because of the comparatively increased tank- 




Fig. B.—Single-break and double-break 66-kV switchgear 
with duplicate busbars. 

clearance, this construction is much more favourable than 
that shown in the author’s Fig. 1.* 

Referring to Table 7, it will be noted that in the break 
shots the arc duration is reasonably consistent in rela- 



Fig. C.—-Diagram showing horizontal rotary moving-contact 
circuit breaker with turbulators. 

tion to the arc length. This is as is to be expected, 
because the relationship is controlled by the speed of 
travel. On the other hand, however, in the make-break 

* Measurements made since the discussion in London show that the ratio will 
never be greater than 3 :1 under the worst conditions. 
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shots the arc duration is relatively longer; for example, 
compare test No. 10 (4-2 to 8-1) with test No. 11 (6-2 
to 7 • 5). A corresponding difierence does not appear in 
the tests recorded in Table 8. I should like to have the 
authors’ explanation of these differences. ^ Are they due 
to some effect upon the speed of travel arising from the 
closing operation ? If so, is the circuit breaker working 
correctly when it does not close right home ? Its speed 
of break may be handicapped in the subsequent opening 
operation by reason of the kick-off springs not being fully 
compressed, resulting in the speed of travel being less 
than normal. Is this the intention of the designers ? 

Mr. W. A. Coates: All national specifications to-day 
call for breaking-capacity tests at fuH rating only, but, 
as Mr. Clothier has pointed out, it is characteristic of 
self-generating arc-control devices that they do not 
perform equally well throughout their range. It is 
possible to design so as to obtain optimum performance 
at any given current. Thus, as is seen from Figs. 16 
and 17, the authors’ explosion pot performed best at high 
currents, the arcing time and length increasing as the 
current decreased. Mr. Clothier has given an examp e 
where the reverse was the case. Because arc-control 
devices of this kind are so commonly used, it is generally 
accepted by leading makers of switchgear throughout 
the world that proof tests must be taken at current values 
from practically the lowest right up to full rating. 

In the current British Standard Specification, recovery 
voltage is introduced merely as one of the factors in 
the evaluation of performance, and there is no limit 
on its value. Research work carried out since B.b.S. 

1^0. 116_ 1929 was issued has indicated the predominant 

importance of the restriking transient, the amplitude 
of which is proportional to the recovery voltage present 
at the time of current zero. It therefore becomes 
essential not only to define a minimum value for the 
recovery voltage but also to control both power factor 
and d.c. component. Doubtless at a later date it wi 
be possible to introduce the final factor, i.e. the rate o 

rise of the restrildng voltage. , j. 

In the last 18 months the International Electro¬ 
technical Commission has been worldng very hard on the 
production of a specification for the short-circuit rating, 
operation, and testing, of circuit breakers. The work 
has reached such a stage that within the next few weeks 
there will be circulated for the National Committees 
acceptance a specification, already agreed by the Inter¬ 
national Experts Committee, which covers short-cncuit 
rating, performance, and testing, but not rate of rise of 
restriking voltage. 

As regards 2-part testing, clearly a synthetic test 
cannot give the same complete satisfaction to either 
user or designer as a test taken with full power. If 
reference is made to Figs. 16 and 17, however, it will be 
seen that in the range of currents between 3 000 and 
10 000 amperes tests have been made at several different 
voltages, and there is almost no variation of the length 
of break and the arc duration with the voltage; these 
quantities vary almost exclusively with the current. 
This evidence in itself gives a very considerable measure 
of confidence in the 2-part test, although admittedly if 
such tests are permitted some limitations must be applied. 
The authors suggest that when testing firstly with the 


full recovery voltage and the maximum current obtain¬ 
able, and secondly with the full current and the highest 
recovery voltage obtainable, the arc length and arc time 
must be very nearly the same. With this proviso, the 
result of such tests should be fairly reliable, because 
it will be appreciated that, in effect, it rules out the pos¬ 
sibility of testing with specially-designed generators 
having a very steep decrement. The question whether 
synthetic testing is acceptable is purely one for the 
industry to determine. 

Several speakers have referred to the cost of circuit 
breakers. If full-power circuit-breaker tests are to be 
applied, it will mean that testing stations will have to be 
increased in size, and, of necessity, the price of the 
circuit breaker will go up. It should be realized that 
the three largest testing stations in the world are all 
in this country, but with them we cannot test on full 
power beyond a rating of 760 000 kVA, although, of 
course, circuit breakers of double this size are in regular 
production. 

Mr. H. Trencham: I should like to refer to the 
authors’ comments on the inapplicability of gas-blast 
breakers to metal-enclosed designs. The usual gas-blast 
designs appear to have ignored the very high insulation 
value possessed by compressed air, and they are so made 
that the compression is lost at just that point where hig 
insulation is wanted, i.e. in the interrupting nozzle. 

If this defect would admit of correction an enclosed 
design should be possible. 

I am not quite satisfied as to the meaning o re 
striking voltage.” It has been variously expressed as 
rate of rise in volts per microsecond and as a natural 
frequency, neither of which tells the whole story because 
amplitude is ignored. With a fuller knowledge of 
wave-shapes, the significance of their diffemnces should 
be ascertainable and we might then be able to det^- 
mine rationally the maximum voltage whic* can be 
interrupted on one break. It may well be, as the authors 
imply, as high as 132 kV. 

The firm with which I am connected has recently been 
successful in producing an instrument wMch will show 
as a visible trace a standing wave giving the form ^ ® 
restriking voltage wave which occurs inherently a any 
point on a system. That instrument is now being tested 
on a circuit-breaker test plant for operation dose up to 
a machine. I am satisfied that with a device of that 
land we shall be able to make substantial propss in 
our knowledge of the action of the restrikmg vo 

I agree with the authors that the single-break switch 
is not well adapted to low-voltage J- 

without hope, however, that when we ge • 

little more about it we may find methods of ^ 

the single-break design even to T! ff^M 

it is applied to low voltages or to high, however, I feel 

that sLe of the difficulties 
would be met by adopting a horizontal 
of a vertical one. The breakage 
could not then result in the breaker falling 
accidentally, and leakage from bushings occur 

as a single-break switch of this kind could be housed in 

a tank having no joint in the ^^^nvable 

The authors mention the choice between ^ 
and a fixed breaker: I prefer the former. If a piece of 
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equipment can be taken to pieces there is, in the unfor¬ 
tunate event of a mishap, a better chance of quickly- 
discovering the defect and of readily putting it right. 
{Communicated) The scope of the instrument men¬ 



tioned above for indicating the form of restriking voltage 
waves will be better appreciated from the accompanying 
photographs, taken with an ordinary camera, of standing 
wave shapes recorded on the instrument. 

Fig. D was obtained from a laboratory set-up; [d) is 
the 197-kc timing -wave, and (r), {h), and (a) are the 



Fig. E.—Restriking-voltage wave of test generator with 

reactors in series. 


voltages appearing across a break with an artificial 
circuit having one frequency, two frequencies, and three 
frequencies respectively. 

Fig. E was taken in a circuit-breaker testing station 
with the testing generator and current-limiting reactors 
in circuit. The steadiness of the wave is evident from 
the fact that the first picture was given a 20-sec. exposure. 


Mr. A. K. Nuttall: There are a few remarks which 
I should like to make in connection with the calibration 
of the potential divider used in measuring the cross-arm 
potential (Fig, 6). The capacitance of the high-voltage 
side of this divider is of the order of 10 yifxF, and that of 
the low-voltage side is also small, of the order of 200 /x/xF. 
In view of the errors which might occur in the recording 
of this potential, owing to possible errors in the measure¬ 
ment of these capacitances, it was decided to calibrate 
this potential divider directly. 

The most obvious way of doing this is to apply a known 
50-cycle voltage to the cross-arm and, to measure the 
amplitude of the resultant record on the. cathode-ray 
oscillograph. The question arises, however, whether 
such a calibration is valid for the frequencies and the 
rates of rise of voltage which occur during or subsequent 
to the act of restriking. It will only be valid if the 
potential divider is a pure capacitance, and this is a 
matter which requires considerable investigation. 

It is easy to calculate, the effect of a leakage resistance 
across the plates of the oscillograph, which, together 
with the connection to the small bakelite bushing de¬ 
scribed, constitute the low-voltage side of the potential 
divider. Calculation shows that the ratio of potential 
division when a resistance of 25 megohms is connected 
across the plates is greater at 50 cycles per sec. than 
at 100 000 cycles per sec. in the proportion of 1 • 17 to 1; 
so that if there is a leakage resistance of this value 
across the plates, the apparent value of the high-frequency 
component of the restriking voltage existing on the cross- 
arm, as calculated from the recorded amplitude and the 
50-cycle calibration of the potential divider, will be 
high in the same proportion. If the leakage resistance 
be decreased to 5 megohms, the proportional error will 
be increased. In normal conditions, tests made on the 
leakage resistance of this part of the system always gave 
values well in excess of 100 megohms, so that theoretically 
one may expect no errors from this source. 

The danger of this leakage resistance -was well demon¬ 
strated by tests made on a very foggy day when the 
insulation of the lead connecting the potential divider 
to the oscillograph was covered with copious deposits 
of moisture and industrial dirt. The records taken on 
this occasion showed a restriking voltage having an 
amplitude abnormally high compared with that of the 
subsequent normal-frequency steady-state voltage, and 
this effect was confirmed on a dry day by placing an 
artificial leak of 5 megohms across the oscillograph 
plates, when the results agreed very well with the calcula¬ 
tion which had been made. 

Since this potential divider was to be used for the 
measurement of restriking voltages, the final calibration 
was performed by isolating that side of the breaker 
which is earthed under normal test conditions, closing 
the breaker, and closing the master breaker, the generator 
voltage being set at a value well within the range of the 
cross-arm potential divider. Two simultaneous oscillo¬ 
graphic records of the resulting voltage impulse ai'e 
obtained, one by means of the cross-arm potential 
divider, and the other by means of the divider normally 
used for determining the voltage occurring across the 
whole breaker. One can thus obtain the direct calibra¬ 
tion of the cross-arm potential divider for transient and 
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high-frequency conditions almost identical with those 
under which measurements are required to e ™ . 

It was found, on making this calibration, that ™ 
of potential division was 

fre^iency, thus justifying the use of this poten . 
divider for the measurement of restriking voltag^ . 

Dr. W. B. Whitney: Mr. Trencham has referred 



the restriking voltage and the importance of hmng abl 
to measure it in field networks. The Electrical Research 
Association has been entrusted with this investigation 
_.-+ 0^10 T/irnrHinfr Rouinment whicli 


is ready for use wherever supply authorities can offer the 

necessary facilities on their networks. are 

Fieures for the rate of rise of restriking r olta^e aie 
given in connectioa with most of the -thors' osotho- 
Irams. and represent the slope of f 
to the restrildng-voltage curve from ^ ■ 

current. In America cheat 

is now often taken as an indication oi i 

severity in relation to the breaker; the higher the 
of rise the greater the severity, and vice versa. 

I should like to draw attention to a ^ 

can occur when one_ is using the methoc o ^ ' 

tion of the rate of rise of restriking \o ’ method 
the authors, or in using any other a hod 

With which I am acquainted. The ^ 

has, for some practical purposes, much 
it, but it may occasionally lead to the measured 

that a circuit with a higher rate of ris^ 
in accordance with the authors’ 
break than one with a lower rate. Thus i i ■ 

in Fig F represents the eiectric-strength/tiine cuive for 
2c gap^ust after enrrent zero, so ^at “y Part f 
a restriking-voltage transient rising above is 

a region of instability where breakdown may occui 
the transient marked {b) is more likely to 

down than the transient marked tangent 

above ODC (see hatched portion). OB, the. tangent 

to {&), is, however, less steep than OA, 
or, indeed, than any of the tangents which n^M be 
drawn from O to the four other peaks of (a) ^Pich a 
above the fine OB, thus giving the apparently anomalo 
result'referred to above. ^ ^ 

(CommunicaUd) In satisfied to 

restriking voltage the authors seem ri-resnec- 

drawthe tangent to the first peak of 

tive of any consideration of the possible shape of the 

electric-strength/time curve for the f P °^the 

tion which this voltage bears to the final voltage ( .g. 



Fig. G.-0scill06ram of S-pole ctoscag and opomng 
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two oscillograms in Tests 9 and 10, Fig. 8). The method 
of measuring rate of rise of restriking voltage by a 
tangent may be useful in the case of oscillations such as 
those shown, for example, in Tests Nos. 8 and 12, Fig. 8. 
Here the restriking voltage reaches its highest peak in 
the first oscillation and restriking cannot, therefore, take 
place so long as the tangent to this curve is flatter than 
the electric-strength/time curve of the gap. The tangents 
to the oscillograms in Tests Nos. 9 and 10 (Fig. 8) are, 
however, in a very different category, and the use of the 
tangent method with wave-fronts of this type, which 
have a number of oscillation peaks of increasing magni¬ 
tude, may easily lead to anomalous results, as indicated 
in the example shown in Fig. 

A further matter that needs attention, if discussions 
and definition of rate of rise of restriking voltage are not 
to end in confusion of thought, is the question of the 
method of deciding from what point, on the zero line of 
voltage, the tangent to the wave-front is to be drawn. 
Clearly the authors have tried to select this as the point 
at which the current through the arc gap reaches zero, 
but the points thus chosen seem somewhat arbitrary [e.g. 
Figs. 3(a) and 3(c); Test No. 12, Fig. 8; and Fig. 23(c)]. 

Mr. Basil Wood {communicated ); The gas-blast breaker 
has been mentioned in the discussion, and Mr. Trencham 
has suggested that it might be possible to attain by its 


use shorter arcing times than with conventional oil 
circuit-breakers if the high insulating properties of 
compressed air were realized, and fully utilized. These 
possibilities have already been commercially realized in 
a type of air-blast high-speed circuit breaker, of which 
a large number of units are in service on the Continent, 
having a guaranteed and proved arcing time of cycle 
or less. This performance is obtained by suitable control 
of the arc length and by the concentration of the air 
blast on the arc. 

Fig. G shows an oscillogram for such a breaker clearing 
550 MVA at 50 kV, with an arcing time of about cycle. 
Trace {e) shows the movement of the blast valve, (A) that 
of the isolators, and ()) the air-blast pressure at the arc. 
It should be mentioned that tripping of the breaker 
after closing on the short-circuit was delayed deliberately 
for about 6 cycles, in accordance with I.E.C. recom¬ 
mendations, in order to allow the asymmetrical com¬ 
ponent to fall to a small value. This design, whilst 
achieving the desired end of abolishing entirely the use 
of oil in circuit breakers, has improved on the operating 
times obtained consistently by even the fast oil circuit- 
breakers described in the paper. 

[The authors’ reply to this discussion will be found 
on page 171.] 


NORTH-EASTERN CENTRE. AT NEWCASTLE. 24TH FEBRUARY, 1936 


Mr. W. A. Coates: The authors make no mention 
of one advantage incidental to the single-break con¬ 
struction, namely the freedom from electromagnetic 
forces acting on the moving elements. Breaking-cur¬ 
rents of 60 000 amperes or more are common, and in 
the conventional double-break circuit breaker the forces 
on the moving contact may amount to several tons. 
The effect occurs just at the moment when the closing 
mechanism commences to compress the accelerating 
springs, and the solenoid has to close the circuit breaker 
under these conditions. In consequence, it is extremely 
difficult to secure latching when this is essential, or in 
the more usual case to prevent the contacts welding 
during the short time-interval before automatic pro¬ 
tective gear operates to release the trip-free device. 

In the authors’ single-break circuit breaker there is 
no loop circuit, and therefore electromagnetic forces. 

The authors claim that their experimental work has 
demonstrated that a double-break circuit breaker of 
conventional type would need to have two breaks, each 
as long as the one break in their new design. The data 
presented make it fairly clear that this is the case, but 
to obtain practical support I have analysed the test 
results on a double-break 66-kV circuit breaker fitted 
with cross-jet pots very similar to those employed 
during the tests recorded in the paper. No low-current 
tests had been made on the double-break construction, 
so that, in view of the lengthening time and' stroke at 
low-current values shown in Fig. 17, comparison has 
been made only with the tests taken at breaking-currents 
of 500 amperes or more. Taking the average of the 
24 tests recorded in the paper with voltages of 60 kV 
and upwards, it would be found that with the single¬ 
break design the arcing time was 4 -1 half-cycles and the 


length of break 7 in. On the double-break circuit 
breaker, 41 tests coming within the same current and 
voltage ranges give an average arcing time of 9 • 1 half¬ 
cycles and an average length per break 5*9 in., or a 
total of 11-8 in, per phase. The tests on the double¬ 
break circuit breakers were taken on a test plant other 
than those referred to in the paper, but one of comparable 
size, and the results give very valuable practical support 
to the authors’ contention. 

A further point of considerable interest is the method 
of stating the rate of rise of restriking voltage. A few 
years ago Mr. Clothier introduced to the Institution the 
idea of employing a severity factor in testing, circuit 
breakers.* This was an attempt to take into account 
not only the normal-frequency recovery voltage (which 
has been recognized as desirable for several years) but 
also the modification in that voltage by reason of the 
displacement of the current wave and the power factor 
of the system. Finally he suggested introducing the 
natural frequency of the system or the rate of rise of 
the transient wave. I submit that it is incorrect to 
term this a “severity factor,” because the variations 
in performance on different types of circuit breakers will 
not consistently follow changes in this factor. It is 
nowadays well known that with circuit breakers which 
are positive in their action, e.g. the impulse 'type, in¬ 
creasing the amplitude and rate of rise of restriking 
voltage does not alter the arcing time until this increase 
reaches the point where it causes failure. On the other 
hand, with a plain-break circuit breaker increasing these 
values does, broadly speaking, increase the arcing time. 
Those of us who are concerned with standardization of 
testing methods might be appreciably assisted by sug- 

* /otfwaZ Z.E.jE., 1932, vol. 71, p. 285. 
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gestions for an alternative term which conld be applied 
to this factor. Tentatively, the term " weighted re¬ 
covery voltage ” might serve. 

Finally, it may be well to point out the varying bases 



Fig. H 

which have been suggested for stating the rate of rise 
of restriking voltage. In Figs. H and J there are 
reproduced two of the restriking waves shown in the 
paper, and Fig. H shows the three methods sometimes 
adopted. The only significance attaching to the rate 
of rise of the restrildng wave is in comparison 
with the rate at which electric strength is re-estab¬ 
lished between the contacts. On this point we know 
very little as yet, but it seems obvious that since the 
re-establishment of electric strength must start from 



the instant of current zero, there is no point in stating 
the maximum rate of rise as given by the tangent M M'. 
Equally it seems inadvisable to state the mean as given 
by the line OB. The majority of workers in this field 
have adopted the convention used by the authors, and 


have stated their rate as the slope of a tangent drawn 
from the current-zero time, as at O A. 

There is one further convention, which has been 
sugge.sted in the United States and is illustrated in 
Fig. J. This concerns restrildng waves caused by 
multiple natural frequencies, in which case there will 
be harmonics on the fundamental transient. In the 
example, the first tangent would be the line O A, but 
since the amplitude of this preliminary ripple is low, it 
is fair to assume that it would not suffice to cause 
permanent breakdown of the dielectric between contacts. 
The American convention is, therefore, to draw the tan¬ 
gent to the first portion of the wave, the amplitude of 
which exceeds 80 per cent of the peak of the normal- 
frequency voltage, thus giving the line O C. It would 
seem desirable for us-to employ the same convention in 
this country, until such time as more is known concerning 
the restoration of electric strength between contacts. 

Mr. A. Allan: As the authors remark, single-break 
switches are by no means new; metalclad switches of 
this type were manufactured in this district over 16 years 
ago, but their development has undoubtedly been re¬ 
tarded to some extent by the difficulty of disposing the 
incoming and outgoing connections conveniently in 
metalclad gear, whilst retaining the draw-out feature 
which has rightly become so popular. The authors 
have evolved a number of ingenious applications of a 
single break, but to obtain compactness they have, at 
least in some of these designs, abandoned the draw-out 
feature and adopted a built-in type of switchgear in 
which accessibility for maintenance has been to some 
extent sacrificed. Whilst it is true to say that the 
modern switch requires only infrequent attention, I 
think, nevertheless, that most engineers will not easily 
be persuaded that it is safe to allow men to work on 
parts of built-in switchgear within a few inches of 
conductors alive at 66 000 or 132 000 volts, and for this 
reason the completely removable unit must always have 
a greater appeal. Rather than decrease the maintenance 
facilities, the ideal would seem to be to make with¬ 
drawable not only the circuit breaker but _ also the 
isolating switches, so that, if required, practically the 
whole panel could be removed, leaving only the busbar 
and feeder chambers. 

This ideal has been achieved in respect of the circuit 
breakers and their isolators in 132-kV metalclad equip¬ 
ment which has been in service for some years at 
Tongland substation in the South of Scotland. The 
circuit breakers in this equipment are provided with 
sliding bushings which serve to isolate them from the 
fixed connections. These bushings are withdrawn down¬ 
wards towards the circuit-breaker tanks, so that the 
circuit breakers, complete with their isolating bushings, 
and the isolator operating mechanism, may be with¬ 
drawn horizontally for inspection or maintenance when 
required. The' sliding bushings are operated by oil 
pressure, the construction being as illustrated in Fig. K. 
In the Tongland equipment, owing to the fact that the 
circuit breakers are connected in mesh, certain isolating 
switches are located in the non-withdrawable portion, 
but these fixed isolators can be individually maintained 
without the loss of more than one feeder or one tians- 
former. When the breakers are used in conjunction 
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-with duplicate busbars, the whole of the isolators are 
incorporated in the removable circuit-breaker unit. This 
construction is illustrated in Fig. L, which shows also, 
to the same scale, single-break equipment of the built-in 
type which has been developed by the authors. The 
draw-out type employs two rotary breaks per phase, 
but, in spite of the saving claimed by the authors iii 
employing a single-break unit, and the sacrifice of 



maintenance facilities, it will be seen that the built-in 
type of gear occupies a far greater volume than the 
draw-out type illustrated. Unfortunately, the authors 
do not indicate the scale to which their drawings have 
been made. Fig. L has been based upon Fig. 19 in 
their paper, which appears to have been drawn for a 
workmg voltage of 66 kV, although it is described as 
being suitable for voltages up to 132 kV. In preparing' 
the present illustration for comparison purposes, in 


order to retain minimum dimensions it has been assumed 
that the cross-jet pot would be no larger in diameter 
for 132 kV than for 66 kV, and only the minimum 
clearances in the oil-filled chambers have been allowed 
in determining the dimensions. 

The volume occupied by the draw-out type is 6 200 
cub. ft., including the draw-out space, whilst that occu¬ 
pied by the built-in arrangement is approximately 
14 000 cub. ft. The floor area occupied by the draw- 
out arrangement is 390 sq. ft. per panel, and that for 
the built-in arrangement is 530 sq. ft. The space occu¬ 
pied by the built-in type would be reduced to about 
12 000 cub. ft. with a floor area of 440 sq. ft. by the 
omission of the walls separating the individual busbars, 
but even then the draw-out type would still show a 
consideiable saving in space. This result is achieved' 
by the sliding-bushing construction, which obviates the 
large oil-filled chambers necessary for the blade type of 
isolator ernployed in the built-in design. Moreover, 
with the sHding-bushing construction earthed separation 
is provided between the duplicate busbar connections, 
wheieas in the built-in construction connections from 
both busbars are brought into a common chamber. In 
addition, with the draw-out type any set of busbar 
isolators can be maintained without the necessity of 
shutting down either busbar. 

I s-uggest that in concentrating their attention upon 
reducing the size of the circuit breaker by the adoption 
of a single break, the authors have rather ignored the 
fact that the necessary facilities for isolating the circuit 
breaker form a larger proportion of the total space 
occupied. The comparison to which I have referred 
indicates that much greater saving in space can be 
effected by suitable construction of the isolating features 
than can be achieved by departing from the more 
orthodox design of circuit breaker in which the contacts 
are readily accessible by removal of or from the tank. 
That the adoption of a single break does not necessitate 
the sacrifice of this feature is indicated by Fig. M, which 
illustrates a single-break 11-kV circuit breaker having 
the orthodox vertical drop-down feature for isolation, 
and a removable tank for contact inspection. This type 
of circuit breaker has been proved by short-circuit tests 
up to a maximum current of 13 000 amperes (r.m.s.). 
Each phase is provided with a single arc-control device, 
these being disposed in plan at the corners of an equi¬ 
lateral triangle, so that each phase has its equal share 
of the cylindrical tank. The incoming and outgoing 
bushings are arranged concentrically on each phase. 

Mr. D. Adam. ; I was privileged to witness several 
of the single-break tests mentioned in the paper, and I 
can confirm that the breaker gave a very good perfor¬ 
mance. I have also witnessed similar tests on arc-control 
devices fitted to double-break circuit breakers, and these 
also gave very good results. There is little doubt that, 
with correctly designed arc-control devices, good per¬ 
formance can be obtained. 

It seems to me, therefore, that the problem is not so 
much one of deciding whether the single-break switch is 
preferable to the double-break, but of reducing the arc 
length and arc duration to a minimum. In this respect 
it is interesting to note from Figs. 7 and 10 that, if the 
arc lengths can be reduced still further, the distribution 
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of duty over the double-break breaker is more nearly 
uniform, and thus the justification of the single-break 
type is not so pronounced. 

It is stated in the paper that no difficulty is antici¬ 
pated in constructing a single-break circuit breaker to 
deal with any voltage at present used in this country. 
I should like to ask the authors whether this statement 
applies to 132-kV working, as it seems to me that a 
single-break switch for this voltage may not be easy to 
achieve. In general, a higher voltage usually means 
longer arc duration, and in order to reduce the arc 
duration it would seem necessary to put up the speed 


correlate these two factors ? Taking purely hypothetical 
figures, we may have on the one hand a very high rate 
of ris'e of restriking voltage such as 3 000-4 000 volts 
per microsecond and a comparatively low peak value of 
restriking voltage such as 3 000-4 000 volts, when the 
rate of rise would not appear to matter very much. On 
the other hand, we may have a comparatively low rate 
of rise such as 100 volts per microsecond, but a very 
high peak such as 40 000-50 000 volts, when presumably 
the rate of rise would vitally affect the problem. 

Mr. R. W. L. Harris: I should be glad if the authors 
would amplify the brief reference they make to the 






Fig. L.—Comparison of 132-kV metalclad switchgear. 
Above: Single-break built-in type. 

Below: Double-break draw-out type with withdrawable isolators. 


of break considerably. Increasing the speed of break 
may quite easily increase the actual arc length, and, in 
order to keep the arc within the pot, either the arc- 
control device will have to be more efficient or else the 
pot length will have to be increased. A larger pot 
implies more oil, and the increased inertia will tend to 
slow down the cross-blast action. 

The second point which I have to raise is concerned 
with the rate of rise of restriking voltage. In their re¬ 
sults of tests the authors very rightly give both the rate 
of rise of, and the maximum value of, the restriking 
voltage. Both these factors are of great importance, 
and both must have a vital bearing on the re-establishing 
of the arc voltage. Have the authors been able to 


question of synthetic tests. On the larger types of 
circuit breakers which cannot he tested directly at all 
the required combinations of current and voltage con¬ 
ditions, the synthetic method is the only one that can 
be employed, hut mention is made in the paper of a 
factor of safety which must be allowed when assessing 
ratings in this way. It would seem that this must 
deti-act considerably from the reliability of the con¬ 
clusions reached, even if the breaker operated con¬ 
sistently throughout the tests. 

. It would enhance the value of the paper if the authors 
would give their considered opinion of the conditions 
which should be imposed as regards equality of arc 
lengths, arc durations, speed of breaker, and other 
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similar factors, when carrying out two series of tests, 
one at high voltages and the other at high currents, on 
different t 3 rpes of breakers for combining synthetically. 

In the illustrations of switchgear designs incorporating 
the single-break feature, a large number of compart¬ 
ments are shown containing a fluid insulating medium; 
these must necessarily introduce a number of attendant 
difficulties, especially as regards maintenance. It is not 
quite clear from Fig. 21 whether the oil systems are all 
entirely independent of one another, or whether, for 
example, the busbar-selector chamber and current- 
transformer chamber are maintained under the head of 
oil in the chamber containing the tee-off connections to 
the duplicate circuit breakers. 

Mr. W. A. A. Burgess: In their verbal resume of 
the paper the authors made reference to ", magnetic 
latches.” What is meant by this expression? 

Mr. H. G. A. Stedman: Those who have had many 
years of operating experience with high-voltage circuit 
breakers will, I think, agree with me that any develop¬ 
ment which aims at reducing the amount of oil contained 
in the oil circuit-breaker is a step in the right direction. 
The diagrams in the paper rather suggest, however, that 
the authors’ single-break switchgear may not prove as 
satisfactory from an operating and maintenance point 
of view as the more orthodox designs. 

It appears to me that the multiplicity of the nuts 
which have to be removed to get the various doors off 
is a decided drawback; and the possibility of oil leakage, 
from at least 6 or 8 different points, must not be 
neglected. Further, on closing, one may have trouble 
with the contacts. It is not easy to see how the ” pots ” 
or extinguishers function as arc-suppressors, and I hope 
that in their reply the authors will be able to demonstrate 
the action of these devices more clearly, 

[The authors’ reply to this discussion will be found 
on page 171.] 
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Mr, A. R. Blandford: The object of the paper is to 
prove that the orthodox circuit breaker as we know it, 
with two breaks, has very little advantage when com¬ 
pared with a single-break circuit breaker. The reasoning 
is based upon the distribution of capacitances between 
the moving contacts and the fixed contacts, and between 
the moving contact and the tank. It is stated that 
capacitance measurements were made on a conventional 
2-break circuit breaker fitted with cross-jet pots. I 
suggest that one should be very diffident in taking 
figures given by the authors as being standard figures 
that can be applied to any oil circuit-breaker, as any 
appreciable variation in the capacitance between the 
fixed and moving contacts will materially alter the 
figures given in Table 1. 

I know of no better method of controlling the 
capacitances than by means of the arc-control device 
hself, which, in the case of one well-known type, lends 
itself readily to the incorporation of electrostatic control. 
This practice has been applied to high-voltage circuit 
breakers for voltages as high as 132 and 220 kV. 

On page 133 the authors state: “A second series of 
tests were made on a 33-kV metalclad breaker fitted 
VoL. 79. 


with a specially constructed capacitance divider, which 
increased the capacitance to earth of the moving contact 
by only 12 [jLjjiF.” Seeing that the values they are 
dealing with in their tests are only of the order of 10 
and 40 /x/rF, I consider this quite a reasonable per¬ 
centage variation. 

Referring to the short-circuit test data, I am dis¬ 
appointed to find that no reference is made to the differ¬ 
ence obtained in arc energy as between the single- and 
double-break breakers. The arc energy is a criterion of 
the deterioration of the oil and the contadts, by which 
a circuit breaker may be judged. 

While, as shown by the authors, in a double-break 
circuit breaker the voltage across one break may only 
be a small percentage of the total voltage, I am in 
favour of retaining the second break to assist in reducing 
the voltage gradient across the break, and to aid in 
rapid arc extinction. In addition, assuming each break 
of a double-break breaker equivalent to the break of the 
single-break breaker, it can be claimed that the former 
has double the safety factor of the single-break breaker. 

Dealing with the mechanical design of the breaker, 
the authors have made a step forward in that they have 
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succeeded in cutting down the oil quantities. They 
point out that one can get very much higher speeds with 
the single break than with a double break, owing to the 
reduction in the mass of the moving parts. I wou d 
rather say that with the single break very much higher 
speeds are needed, because the speed of break foi a given 
speed of travel can only be half of that with a double 
break circuit breaker, and this deficiency has to be 
made up in some way. 

The authors' slides showed that quite a number o 
mechanical joints are under oil in the tank. These 
joints are subject to pressure impulses and high stresses. 
Further, to examine the breaker it is necessary to drain 
the oil and break the oil-tight joint, and after examina¬ 
tion to remake the joint and refill with oil. It is very 
difficult to guarantee a joint when first made as being 
oil-tight, and consequently there is a great risk of oil 
leakage from such a joint, especially when it is remem¬ 
bered that it may have to be remade under emergency 

conditions. , i • 

In my opinion the accessibility of the authors design 
does not compare with that of the orthodox breaker 
where the tank can be lowered for the purpose of inspec¬ 
tion. In the circuit breaker described in the paper, 
when the door of the tank is opened all there is to be 
seen is the outside of the arc-control device, and it 
appears that a certain amount of dismantling would be 
required to inspect the contacts, and the dismantling 
would have to take place at a point which is difficult 

of clCCCSS. 

Another disadvantage is the sliding type of contact 
incorporated in the design. It appears that this contact 
needs to exert a certain pressure or friction on the 
arcing contact, which, under rupturing-capacity con¬ 
ditions. would tend to reduce the speed of the breaker. 

The authors' breaker differs from most double-break 
circuit breakers in that there is no magnetic effect tending 
to increase its speed under opening conditions, and 
presumably this could only be compensated for by 
piston effect from the arc-control device. 

Finally, the breaker has been so designed that failure 
of any mechanical part may tend to cause the circuit 

breaker to fall into contact. 

Mr. W. Kidd: I have had the privilege of seeing, in 
various stages of its design, the circuit breaker referred 
to in the paper and also of watching some of the tests. 
The design seems to me to be fundamentally quite 
sound. The authors appear to have been able to prove 
by tests that a single-break circuit breaker can be made 
which will do its work successfully. 

I think there is no doubt that the development of the 
cross-jet pot has made the single-break circuit breaker 
possible. It certainly appears to be the most important 
feature of the switch, and to attack an arc fiom the side 
and so introduce a barrier to prevent restriking is funda¬ 
mentally sounder than to depend on merely drawing 
the arc out. 

Do the authors attach much importance to exactly 
simultaneous make and break ? Personally, I do not 
think this matters much. Perhaps they would give 
some information about their operating mechanism. 
The fixed contact is a part which I have often heard 
criticized, but I see no reason why it should not be 


thoroughly sound from a mechanical point of view. 

I should like the authors to tell us whether they use 
a line contact or a surface contact. 

Their single-break switch appears to have many 
features which should commend it to station engineeis. 
The facilities for separating the phases are extremely 
good; also the facilities for separating one set of busbars 
from another are vastly superior to what we get with 
any of the more normal types of metalclad gear. In 
nearly all the ordinary designs the busbars are placed 
in chambers almost touching one another, and a fault 
inside a chamber will frequently cause the chamber to 
fracture. The design shown in Fig. 20 has a disad¬ 
vantage in this respect as compared with the one shown 
in Fig. 21, where there is the possibility of a division 
wall between the main busbar and the reseive busbar 
(I think this is a better name than “ auxiliary busbar "). 

In this respect my argument is borne out by what 
happened recently in one of the big American stations. 
There was entire phase separation, but the main and 
auxiliary busbars of the same phase were installed in 
a common chamber, with disastrous results. 

The authors' circuit breaker is a step towards the 
ideal of the reduction, if not the elimination, of oil fiom 
switchgear equipments. Bushings are a weakness in 
switchgear, and I suggest that the authors design 
would be improved if some of the bushings could be 
eliminated. 

■The cubic content of a building designed to house the 
gear described in the paper is substantially less than 
that required for any other type of gear, and therefore 
less expense is involved in keeping the building at a 
reasonable temperature in order to prevent the mechanism 
from rusting and becoming either sluggish or failing to 
operate due to the cold oil. Sufficient importance is not 
always given to the maintenance of a dry atmosphere in 
high-voltage switchrooms. 

The ratings which switchgear makers have ascribed to 
their switches in the past appear to have been extremely 
optimistic, and I think they will find that purchasers of 
large gear will in future be more insistent upon tests, to 
substantiate the ratings. 

In view of the fact that the switchgear described by 
the authors is much smaller in size than other metalclad 
gear, will it be sold for approximately half the cost? 

I would remind them that many successful businesses 
in this country (particularly electricity supply concerns) 
work on the principle of a small profit per article. 

Mr. H. Pearce: In Fig. 17 the authors have plotted 
the arc lengths recorded in all the numerous tests they 
have made on their breaker, and have ignored any sinall 
changes in design there may have been since the original 
conception of the breaker. Fig. 17 shows that, in spite 
of such small differences, there is a definite relationship 
between the arc length and the current that is ruptured. 
The authors have drawn in Fig. 17 a line which is sub¬ 
stantially straight over the greater part of its length, 
and practically parallel to a zone including the bulk of 
the tests. It seems reasonable, therefore, to assume 
that aline parallel to this indicates a general relation¬ 
ship between the arc length and the current throughout 
the range of those different conditions. This relation 
between current and arc length may be expressed,by 
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saying that for every sixfold increase in current the 
arc length is reduced by approximately 0-5 in. 

In order to ascertain the average effect cf voltao-e on 
arc length, I have taken the results given in Tables 5 to 
8 and adjusted the arc lengths according to the above 
relation to compensate for the different currents Takino- 
the values separately for each voltage group the results 
are shown by the points in Fig. N. Each point is the 
average value obtained from the number of tests indi¬ 
cated in the adjacent circle. It is clear, therefore that 
the average effect of voltage on arc length lies some- 


remarked that the most important part of the paper 
was that which dealt with the cross-jet explosion pot. 

ain pleased that the development of this apparatus 
has been so successful and the performance so efficient 
that It has been found possible to rupture heavy powers 
on b6kV with one pot only per phase. Although I 
beheve space limitations were a factor in accelerating 
this innovation, the tests have fully justified it and it 
has an application for the future. 

With properly designed cross-jet pots tested ex¬ 
tensively over the whole range, there is little extra risk 
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Fig. N.—Relation between average arc length and voltage, when current is constant 
Points • represent values taken from Tables 5-8 of the paper, adjusted to compensate for varying current ‘ 
Each point is the average value of the number of tests marked within the circle, thiis!^®. 


where within the zone embracing these points. The 
maximum effect is represented by the line marked 
lowei limit,' which shows an increase in arc length 
of 1 in. for every 17 kV; while the minimum effect is 
indicated by the line marked " weighted mean," which 
shows an increase of only 1 in; for every 35 kV. The 
latter is more likely to be correct, as it takes into account 
the number of tests on which each average value is based. 
Ihis graphical analysis helps to show, why synthetic 
tests have proved a practicah method of investigation 
when other facilities have not been available. 

.Mr. S. Ferguson: Some four years ago, when dis¬ 
cussing the paper by Messrs. Pearce and Evans,,* I 
* Journal m2, vol. n, p. 70i. 


involved in relying on one pot per phase, as many of the 
causes of failure, e.g. welding-in on reclosures, mechanical 
damage preventing opening, etc., would render both 
pots inoperative. _ No defects in the pots themselves are 
likely to develop if they have been properly tested and 
the maximum pressures recorded, a factor cf safety of 
3 to 4 being possible. ■ 

Accepting the case as being proven, the important 
FowE decided are (1) the range of application, 

(2) the form of single-break breaker, and (3) the form of 
metalclad unit in which it is to be incorporated. 

^ As regards (1), I think the authors have gone too low 
in commencing at 22 kV. The present designs are 
entirely satisfactory, and no material reduction in space 
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can be shown for equipments up to 33 kV and 750 MVA, 
providing the breaker with three phases in a single tank 
is incorporated. In a 32-in. diameter tank with double 
cross-jet pots we have been able to rupture at least 
800 MVA, and in a 36-in. tank over 1 000 MVA. The 
minimum diameter of a 33-kV single-break switch would 
be, say, 14 in., so that the width of the three tanks when 
touching would be 3 ft. 6 in. Thus there does not 
appear to be anyeconomyinspaceupto33 kV, 750 MVA. 
The justification and economy in space seems to come 
where complete phase separation in separate enclosures 
is demanded, i.e. at 33 kVfor 1 000 MVA and 1 500 MVA, 
and at 66 kV for all rupturing capacities. It must not 
be lost sight of that a reasonable limit for the rose and 
candle-stick contact shown in the paper is about 1 200 
amperes, which makes the simple design unsuitable for 
lower-voltage systems. 

As regards (2), the form of single-break breaker, the 
horizontal type seems to possess decided advantages 
over the vertical t 3 rpe on the following grounds: (a) The 
terminals can be brought out at either the top or the 
bottom, rendering the breaker suitable for either out¬ 
door or indoor installation, (b) There is no tendency to 
reclose by gravity in the event of the operating mechanism 
fracturing, (c) Visual inspection of contacts is facili¬ 
tated, as it is not necessary to drain the oil but merely to 
remove the top cover. Furthermore, the joint to be 
broken has not necessarily to be oil-tight, as is im¬ 
perative in the case of the vertical design. 

Turning to (3), the form of metalclad unit, I doubt 
whether supply engineers would agree with the authors 
in adopting breakers which are non-removable. There 
IS always the possibility of oil leakage and, in the event 
of failure through any cause, distortion of the container. 

think the design must be such that the breaker can be 
removed bodily from the rest of the unit, and, further¬ 
more, without shutting down the busbars. I doubt also 
whether operators would be satisfied with inspection 
windows for showing the earth position of the isolators. 
What type of unit, then, will be the future standard ? 
Will it be: (a) a non-removable breaker and oil isolators; 
(6)_ a removable breaker and oil isolators, the breaker 
being handled by crane, but with no provision on the 
unit for supporting it in the isolated position- or (c) a 
removable breaker with all the facilities of the exist¬ 
ing metalclad switchgear? Operating engineers have 
been so accustomed to this latter facility that it is 

^ satisfied with anything less. 

Whether this attitude will be modified on 66-kV gear 

where the difficulties are so much greater, remains to 
be seen. 

When the costs of single-break switchgear are under 
consideration it should not be lost sight of that there 
iiumber of incoming and outgoing bushings 
and the same number of main contacts as in double- 
rea What is actually saved is one cross-jet 

pot, and I believe the practice will be to make the 
remaining one bigger and with a higher factor of safety 
The main savmg on the larger units, if existing facilitii 
are to be r etained, lies in the smaller space occupied and 
nit r """. "" volume, which are important 


considerations. 

Mr. S. R. Mellonie: The term " leakage current 


occurs many times in the paper, and it is rather confusing 
at first sight because the term is already in use with 
more than one meaning. Perhaps the authors would add 
a definition of this term when their paper appears in 
the Journal. 

The double-break circuit breaker shown in Fig. 6 is 
fitted with arc-control devices; in view of the advent 
of these large pieces of insulating material, has not the 
time come to see that the material is taken right across 
and that the contacts are braced together ? The only 
possible objection is the provision of a horizontal 
insulating surface, which would, of course, collect 
carbon particles; but the section would be designed 
with a view to eliminating this possibility. 

With regard to the very interesting designs shown in 
Figs. 11 and 21, I should like to inquire whether the 
authors have ever been asked to provide facilities for 
earthing the feeder via the breaker. 

There is a point on page 138 which I do not under¬ 
stand. Does not the statement “ In extreme cases it 
is even possible for the voltage across one gap of a 
multi-gap breaker to exceed the entire restriking peak 
voltage across the whole breaker ” imply that the part 
is greater than the whole ? 

We have heard a good deal about the possibility of 
trouble with the sliding contact; perhaps an unfortunate 
experience of mine in the last 12 months will be of 
interest to those who may be called upon to maintain 
this class of gear. The circuit breaker was one which 
embodied the very common construction of a sliding 
bush on a vertical rod. This breaker, for reasons of 
economy, was not opened for some months, and when 
the time came for inspection it would not open. Upon 
investigation it was found there was a growth on the 
steel rod sufficiently hard to lock the breaker in position. 

A satisfactory explanation has not yet been obtained. 
The fact that such conditions have occurred empha¬ 
sizes the need of systematic operation in the course of 
maintenance work. 

Mr. T. T. Evans: There is no doubt that the develop¬ 
ment of the cross-jet pot, and its efficient operation, 
engendered the idea that possibly one break could do 
the same work as two. A sample single-break breaker 
was therefore made, and was tested on every plant 
available. It was sent over to Germany, and was also 
tested in this country with the highest currents and the 
highest voltages we could put on it, and the results 
were remarkably good. 

It was only the development of finer instruments that 
made such investigations possible. The magnetic 
oscillograph, for instance, has enabled a series of no less 
than 16 recordings to be made on one chart, and without 
the development and application of the cathode-ray 
oscillograph the results given in the paper would not 
have been possible. 

In Fig. 3 and Table 2 the authors refer to test No. 6, 
in which the break nearest the fault is shown opposing 
the action of the second break to the extent of increasing 
the duty across it by 60 per cent, i.e. the restriking 
voltage across one break is shown to be actually con¬ 
siderably greater than that across the whole breaker. 
The restriking voltage therefore differs considerably 
from the theoretical value predicted, and I should like 
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to ask the authors whether they have any explanation 
for this discrepancy. 

Mr. A. C. Ehrenberg: The subject matter of the 
paper recalls to my mind very early experiments on a 
single-break circuit breaker which proved that in circuit- 
breaker design straightforward reasoning does not always 
yield straightforward results. A standard plain-break 
double-break circuit breaker of a nominal rating of 
150 MVA was converted in the simplest possible manner 
into a single-break-per-phase circuit breaker by pivoting 
one side of the moving bridge in a manner employed in 
isolating switches. The argument put forward in favour 
of this device was. roughly, the following: The total arc 
energy appears to be the cause of mechanical failure of 
a circuit-breaker structure, and the reduction of this 
energy could most readily be achieved by reducing the 
total arc length. On grounds which the authors have 
outlined in their paper, it was assumed that the total 
arc length in the single-break breaker should not be 
more than about 60 to 70 per cent of the total arc length 
in the double-break form. Other considerations sug¬ 
gested that the arc duration would not be increased in 
consequence of a reduction in arc energy. 

When actual tests were made, the surprising fact 
emerged that the total nominal arc length was only 30 to 
40 per cent of that of the double-break construction; 
the arc duration was one-half, but the total arc energy 
was slightly more than for the double break and the 
tank pressures were correspondingly of the same order. 
The main reason for this surprising result appears to lie 
in the fact that the nominal arc length and the actual 
arc length in a plain-break circuit breaker are not always 
the same thing. The adoption of some form of arc- 
control device, therefore, seemed to be strongly indicated, 
and the authors, in their single-break circuit breakers* 
have adopted a form of arc-control device which has 
been proved very successfully on standard double-break 
designs and, as their test results show, also on single- 
break circuit breakers. ■ • 

The single-break circuit breaker introduqes the sliding 
contact as a. comparatively novel featute in circuit- 
breaker design. Considerable , experience with heavy- 
current contacting has eliminated from my mind any 
fear regarding the behaviour of this type of contact. 
While the design of such contacts certainly requires very 
careful scrutiny of every component part, practice has 
shown that designers of single-break breakers are 
masters of the problem. On the Continent, sliding 
contacts have been incorporated in nearly all the latest 
developments in circuit-breaker design. 

Mr. S. Earner: The authors mention space-charge 
effect as a factor which may possibly modify the rate of 
rise of recovery voltage in the testing circuit. It would 
be interesting to have a more detailed description of this 
phenomenon and to know whether in test No. 6 (on a 
double-bmak cross-jet pot), in which there was appre¬ 
ciable residual charge on the moving contact, the data 
were taken with the high-capacitance test-plant voltage 
divider in parallel with the moving contact-bar and 
earth. If so, would not the effect of this capacitance 
modify considerably the voltage induced by the space 
charge ? 

On examining the arc length in inches and the time 
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in half-cycles for the various series of tests, the speeds 
are seen to vary from 10 to 25 ft. per sec. Some of 
the tests given in Table 6 for test plant B show speeds 
during arcing of approximately 11 ft. per sec. for 
10 000 amps., whilst for the same current for test plant D 
(Table 8) the speeds are of the order of 17 to 18 ft. per 
sec., with a maximum of some 25 ft. per sec, I should 
be glad to know the cause of these apparent differences 
in speed, because the current broken appears to be the 
same and the arc lengths are also comparable, a fact 
which seems strange in view of the difference in'the 
voltage of the respective tests. 

In cases where the full rupturing-capacity rating of 
a breaker exceeds the short-circuit capacity of the test 
plant, a synthetic form of test such as that mentioned by 
the authors is generally adopted. As a general rule, 
however, with cross-jet explosion pots, it may be taken 
that the arc lengths tend to be slightly shorter at the 
lower voltages at full rated short-circuit current than 
at the maximum test currents available on full-voltage 
shots. The authors mention a figure of 4 000 MVA 
obtained by multiplying maximum voltage and maximum 
current in separate tests. I would suggest that a more 
conservative method should be used to assess the maxi¬ 
mum probable performance or factor of safety of the 
cross-jet pot on the basis of the synthetic-test data. 
The adjustment is necessary owing to the fact that the 
full current at low voltage normally produces pressure 
inside the pot for a shorter period of time. 

Instead of multiplying the full voltage by a maximum 
Current obtained in a test at a lower voltage than the 
breaker voltage rating, I would suggest multiplying this 
current by a reduction factor determined from the ratio 
of the arc lengths and times in the two series of tests. 
This would be equivalent to making the assumption 
that had the test been carried out at full voltage of the 
breaker and at the full current of its short-circuit rating 
the arc would have been drawn out to the same length 
as on the (highest currents for which full-voltage tests 
were possible; the pot performance based on synthetic- 
test data would then err on the cbnservative side. 

The quantitative data given for the voltage distribu¬ 
tion aie of particular interest, but I would have preferred 
the authors to have laid rather more emphasis on the 
fact that this consideration referred only to the moments 
of zero, or nearly zero, arc current. The capacitance 
distribution which has been described occurs only at the 
period when the arc current is passing through zero 
value, which is the time when the breaker is trying to 
build up electric strength across its gap at a rate greater 
than the rate of rise of voltage in the testing circuit. 

Mr. C. Dannatt: The authors’ method of estimating 
and also measxrring the voltage distribution across the 
breaks in series is undoubtedly Correct, but the sig¬ 
nificance they place on the voltage distribution leaves 
me in some doubt. To illustrate what I mean, suppose 
one had a plain break in series with a cross-jet break, and 
suppose the capacitances of the breaker were so arranged 
that in the static condition the major proportion of the 
voltage appeared across the plain breaker; the authors 
would surely not argue from this that the plain breaker 
did most of the work in opening the circuit. In this 
connection Kesselring and Slepian have both shown 
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that in an arc space the recovery of the electric strength 
begins to occur over a considerable period—for many 
microseconds, in fact—^before the current zero. In other 
words, the process of arc rupture is well on the way, whilst 
the voltage distribution is still determined by the leakage 
across the switch. I would therefore suggest that the 
mere criterion of supposing the division of duty between 
two breaks to be the same as that given by the static 
voltage distribution is not necessarily correct. 

Mr. A. C. Main: A feature of the single-break oil 
switch which is worthy of comment is the apparently 
extravagant factor of safety in the mechanical design of 
the switch cylinder. During manufacture, the 66-kV 
design is submitted to a routine sustained pressure test 
of 400 lb. per sq. in. The maximum shown in any 
of the oscillograms in the paper, however, does not 


Operation 

Elapsed 

interval 

[a) Lower the oil level in the three tanks 
below door level, during which time 
all but two bolts per cover were 

minutes 

removed 

[b) Run off balance of the oil and remove 
the three door-linings, and the three 

25 

cross-jet pots .. ... 

(c) Remove the three main contact sockets 

13 

and replace with spares 
[d) Replace three spare cross-jet pots and 

26 

three door-linings 

(e) Wash door-faces and gaskets with ben¬ 
zine, re-grease gaskets, and bolt up 

15 

the three doors ready for oil filling .. 
(/) Refill the three tanks (estimated only in 

27 

view of varying conditions in service) 

25 

Total time 

131 


appear to exceed 25 per cent of this figure as an in¬ 
stantaneous value. 

There are some notable features in the mechanical 
construction of this oil circuit-breaker equipment which 
centre round the manner in which the designers have 
employed, and are dependent on, a sound technique in 
welded-steel construction. From this point of view 
the cylinders, isolating chambers, and mechanism paiTs, 
are worth examination in detail, and it is clear that the 
designers would find it difficult to produce a successful 
construction in the space in any other way. The entire 
absence of trouble with the sliding contact during 
construction and testing is also worth comment. 

It is an interesting matter of electrical engineering 
history that, in the wider sense, the development of the 
gas-filled cable and of the single-break oil circuit-breaker 
have been coincident. I invite the authors to comment 
on the future possibilities for 132-kV indoor installations. 

{Communciated) Since the reading of the paper in 


Manchester, frequent reference has been made to the 
question of accessibility of the main contacts for main¬ 
tenance work. It will be a matter of general interest, 
therefore, to quote figures (see col. 1) in connection with 
a 66-kV switch unit similar to those illustrated in the 
paper. These figures represent no more than normal 
conditions and working speeds. 

The oil discharge pipe, of 2 in. internal diameter, was 
connected to a 24-ft. length of flexible piping of Ij in. 
internal diameter. Two men were employed for the 
test, although it is possible to carry out all the opera¬ 
tions with one man, or, alternatively, three men can 
work in parallel during a proportion of the time if so 
desired. 

For item (/) it is assumed that sufficient clean oil is 
held in readiness in a separate tank, this tank receiving- 
oil from the oil-purifying plant. The total quantity of 
oil required for the three switch tanks is 360 gallons. 
Using three men the total time would be reduced to 
105 minutes. To both periods an allowance of 10 minutes 
might be added for replacing the arcing tips and washing- 
down the tank linings. 

Mr. W. Symes: The title of the paper is rather a 
misnomer, as no reference is made to many parts of the 
development process such as drawings and designs, 
patterns and tools, special manufacturing equipment, and 
the provision of costly testing equipment and personnel. 
The oscillograms included in the paper are the product 
of years of work in the design, building, and operation, 
of -testing equipment. 

The authors have achieved a practical aim of pro¬ 
ducing a breaker with a greater margin of operating 
safety, including the factors of better arc control, lower 
pressures, and greatly reduced quantities of oil. Even 
if, as may possibly be the case, the single-break switch 
is more expensive than a double-break switch of equiva¬ 
lent rating, the authors have succeeded in making lower 
overall installation costs possible. The development of 
the single-break switch can therefore be considered a 
valuable contribution to switchgear design and operation. 

Such advances would not be possible if the large 
development costs involved could not be recovered in 
a reasonable time. The solution to the problem is not, 
as Mr. Kidd suggests, for switchgear manufacturers to 
be content with low profits per unit. Their difficulty is 
how to make any profits at all, faced as they are con¬ 
tinually by the problem of the recovery of development 
costs incurred by work of the nature described in this 
paper. 

Mr. J. Solomon [communicated ): Referring to Fig. IS, 
the oil volumes in the tanks for the three designs of 
66-kV oil circuit-breakers illustrated are in the approxi¬ 
mate ratio of 3:2:1. This substantiates the claim 
made for reduction in oil volume in the case of the single¬ 
break oil circuit-breaker, but it would be interesting to 
have similar ratios for complete 3-phase units and cor¬ 
responding figures for 33-kV designs. 

[The authors’ reply to this discussion will be found 
on page 171.] 
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Dr. C. C. Gari'ard: I rather think the authors have 
made a virtue of necessity. They set out to design a 
type of switchgear which would take up less space, and 
not to produce a satisfactory single-break design; they 
hit upon the single-break design described in the paper, 
which, as they have shown, does everything that they 
claim for it. 

The question arises: Why do people buy switchgear 
at all ? The main consideration is that of insurance. 
It seems to me that a circuit breaker having two breaks 
is a better insurance than one having a single break. 
Ihis applies especially to a circuit breaker embodying 
an arc-control device, because such a device has a rather 
peculiar characteiistic; that is to say, it functions 
extraordinarily well over a certain range and then 
suddenly fails entirely. A plain-break circuit-breaker 
does not do that; it is more gradual. If a curve be 
plotted of the current broken against the efficiency of 
the breaker, the arc-control device seems to produce 
a very sharp knee in the curve. Therefore, bearing this 
in mind, a 2-break device must have a larger margin of 
safety, because one of the devices could fail and yet the 
other one be available.- I am, of course, not arguing 
against the arc-control device as such, because a device 
of this sort is necessaiy if one is to obtain short arcing 
times. 

In this connection Table 4 requires a little explana¬ 
tion. From the bottom line of figures it appears as if 
there is very little difference between the double break 
and the single break; nevertheless, the volt-ampere 
rating of the single-break circuit breaker is 77 per cent 
and the arcing time 111 per cent, as compared with the 
double-break type. 

With reference to Table 5, I do not quite agree with 
the remarks with regard to test No. 13, because it seems 
a weakness to exclude certain conditions as being 
impossible in practice. I think that circuit breakers 
should deal with any kind of current within their rating. 
In Fig. 16, the tail of the curve turns up, whereas in Fig. 
17 it does not do so. Why is there this difference ? 

I should like to ask, with regard to these curves, whether 
the recovery voltage was corrected for power factor and 
d.c. component. 

The “ synthetic test ” dealt with on page 142 is very 
interesting. Do the authors really claim any validity 
for such a test ? On the basis of the synthetic test they 
claim a breaking capacity of 4 000 MVA, which of course 
would correspond to a making current approaching 
90 000 amperes (peak), a current much larger than any 
mentioned in the paper. All this brings out one of the 
most important questions in connection with circuit- 
breaker testing at the present moment, namely: Is the 
rate of rise of festriking voltage the true criterion of 
test ? Are the authors of the opinion that the inherent 
severity of a testing station, for example, can be settled 
upon the basis of the natural frequency of oscillation in 
that station ? , 

Regarding the circuit-breaker designs shown in the 
paper, it seems that in Fig. 19 the authors have not the 
courage of their convictions, since they have not taken 
advantage of the small phase centres which their design 
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provides. I do not believe in compressing switchgear 
into the minimum possible space, however, because if 
anything happens to go wrong with one item the whole 
is likely to be involved. I should like to comment on 
a detail of the design shown in Fig. 20. The authors 
have been very careful to round all corners, etc., except 
those of the busbars. Again, these busbars are com¬ 
pound-filled, as are various cross-connections, and yet 
the gear is put forward as an outdoor type. I do not 
think compound is suitable for outdoor-type gear. In 
some quarters lately the idea has been put forward that 
oil should be entirely avoided; this, I submit, is going too 
far*. For instance, there can be no doubt that an oil- 
immersed transformer is much safer than an air-blast 
transformer, from the fire-risk point of view. Oil, if 
correctly applied, makes for safety, and its abolition 
would not necessarily be to the general advantage. 

Mr. K. J. R. Wilkinson: I think the paper demon¬ 
strates clearly that for circuit breakers which are not of 
the plain-break type, but in which control of the arc 
is obtained, for example, by a cross-jet of oil, the single 
break can be electrically adequate and has mechanical 
advantages. 

It is necessary, however, to bear in mind the increased 
potentiality possessed by the controlled-arc breaker for 
producing voltage-surges in the system. Thus Figs. 4 
and 5 show the restriking voltage for an 11-kV cross¬ 
jet breaker as quite free from the post-arc conductivity 
evident for the same breaker at a similar load without 
cross-jet pots, and in this instance the cross-jet breaker 
involves the system in approximately twice the surge 
voltage of the plain-arc breaker. While such a voltage 
is neither excessive nor dangerous, attention should be 
directed to those load conditions where it is possible for 
the controlled-arc breaker to cause appreciable current 
suppression. Thus in Fig. 9, which applies to a cross-jet 
33-kV breaker on relatively light current, the initial 
" negative ” restriking voltage is to be taken as evidence 
of pre-zero-current suppression, the effect of which is 
not only to increase the amplitude of the restriking 
voltage by an amount pi'oportional to the “ negative " 
loop, but, more important, to distort the form of the 
restrildng voltage in such a manner that a greater 
proportion of it tends to appear across those series 
impedances which form part of the system adjacent to 
the switch; for example, as inter-turn or intersection 
voltages in the case of a transformer or reactor winding. 

It would seem that the upper limit of such voltages is 
set only by the rate at which insulation strength is built 
up by the switch during its action of suppressing the arc, 
and it would be paradoxical if a circuit-interrupting 
device should, as a result of its excessive efficiency, cause 
damage to the system it was designed to protect. 

Mr. H. T. Stratton : Dealing first with the subject of 
speed of break, on page 135 the arc duration in one of 
the tests with a plain-break breaker is given as 16 • 7 half- 
cycles. For a commercial breaker with the usual speed 
of break, dealing with the voltage and current stated, it 
would appear that a length of break of approximately 
llin. per contact would be required, and I do not 
know of a maker who supplies breakers with anything 
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like this arc length. No doubt the authors can enlighten 
me by stating the speed of break of the particular 
breaker, and the power factor at which these tests were 
carried out. 

On page 138 it is stated that the tests were taken up to 
82 000 (peak) amperes and 29 400 (r.m.s.) amperes at 
interruption. I assume that the figure of 82 000 amperes 
refers to the peak value of the asymmetrical wave with 
an r.m.s. current of 29 400 amperes; this point is an 
important consideration in determining the making 
capacity of a breaker. If the power factor is as low as 
0-1, the figure of 82 000 amperes appears to be a little 
on the high side. 

Referring to the remarks on page 144, under “ Main¬ 
tenance,” are the arrangements such that the feeders 
are earthed through the closed breakers; and can these 
be locked in ? 

It has been mentioned that the single-break switch has 
an advantage over the double-break type owing to the 
absence of the magnetic loop experienced with the 
introduction of the cross-bar, the corresponding forces 
tending to open the breaker on closing being therefore 
considerably reduced. With the high voltages mentioned 
in the paper, however, I doubt whether these forces are 
anything like those encountered on low-tension heavy- 
current gear, and I consider that they would not sub¬ 
stantially affect the design of the closing mechanism. 

Mr. J. H. Patterson ; It seems that to-day engineers 
do not realize that a low-priced circuit breaker may be 
of inferior quality. They do not realize that far more 
money than is necessary is spent on switchgear main¬ 
tenance. The primary aim of the electric supply industry 
is to give continuity of supply to all consumers. One 
often hears the remark ” One cannot depend upon 
electricity; I would rather have gas.” That is partly 
true, and it is so because certain factors in oil-switch 
design are not sufliciently well understood. The troubles 
met with in practice are not always due to'breakdown of 
the oil-switch contacts; I have had experience of break¬ 
downs caused by flashing across the top of the pots due 
to insufi&cient clearance, ionized-air, or lack of ventilation 
•—all remote from the oil switch itself. I am of the 
opinion that ample clearance should be given at this 
juncture, until more investigation has been made and 
a robust mechanism is put on the market which is 
entirely safe with smaller clearances, enabling transients, 
at present not reproduced under test conditions, to be 
present without causing damage to the unit. 

Mr. H. S. Davidson; It is somewhat disappointing 
to me to find that the experts are not all in complete 
agreement with the authors, because from the point 
of view of maintenance their designs represent a great 
step forward. 

If one considers the present arrangement of 132-kV 
circuit breakers such as are used by the Central Electricity 
Board, one finds that each phase occupies a tank con¬ 
taining roughly 1 000 gallons of oil. These circuit 
breakers have, in some cases, four breaks per phase. 
To carry out maintenance work on such circuit 
breakers involves the drawing-off of the large quantity 
of oil mentioned, the opening-up of manhole covers 
(after a temporary shelter has been erected to guard 
against unfavourable weather conditions), and the 


aeration of the tank to permit the entry of a workman. 
There are then some 16 arcing contact-fingers and 32 
main contact-fingers which may or may not require 
attention. Comparing this type of circuit breaker with 
some of the designs suggested by the authors, it must 
be apparent that if the latter are sound from a technical 
point of view then enormous progress has been made 
towards easier maintenance. 

The space factor is important too, because of the 
increasing difiiculties in obtaining substation sites in 
industrial areas. One can visualize the time when 
substations will occupy much less space than at present, 
if the authors’ designs are generally adopted, although 
in the case of outdoor substations the clearances required 
between bare conductors may be the limiting feature 
preventing full advantage being taken of switchgear 
occupying a smaller amount of space. 

I should like to know how far the designs shown have 
been put into commercial operation, and particularly 
to what extent they have been developed for voltages 
of 132 kV. The oil-tank arrangements shown in some 
of the designs would be improved ■ if provision were 
made for two tanks, one into which dirty oil could be 
drawn off and a second containing clean oil for refilling. 
Finally, it would be of interest to have some details 
of costs. 

Mr. C. J. O. Garrard: There is one a.spect of the 
development of metalclad switchgear such as that 
described in this paper, which appears to warrant careful 
attention. This is the importance of reducing as far as 
possible the number of oil-tight joints used in assembling 
the components of the gear. If we take the 3-phase 
breaker illustrated in Fig. 11, there are, including the 
busbar chambers belonging to the unit and excluding the 
cable sealing-boxes, 12 separate chambers containing 
oil or some other more or less liquid, inflammable 
substance; 15 condenser bushings; and not less than 
48 ixiain oil-tight joints, besides those belonging to the 
oil supply and drainage piping. 

I do not raise the point in order to compare to its 
disadvantage the single-break circuit breaker with any 
other type of oil-insulated metalclad gear, as in respect 
of multiplicity of chambers and joints they are all very 
similar, but rather to put the question whether a develop¬ 
ment which leads to a switchgear installation resembling 
in some degree an oil refinery is really sound. 

Mr. W. A. Coates: One of the points which the 
authors do not stress in the paper, but which has meant 
a lot in their experimental switch, is the fact that they 
have contrived an explosion pot in which there is no 
metal whatever beyond the level of the main contacts, 
as is seen in Fig. 12. It has been found in practice 
that where explosion pots are built up with insulated 
steel or bronze housings gas is liable to get behind the 
lining and cause a breakdown, or a puncture right through 
the throat material, There is very little doubt that the 
all-insulated explosion pot is the only safe construction. 

The arrangement shown in Fig. 11 can be effectively 
made fireproof very easily, while still remaining of very 
small dimensions. The cable box can be completely 
walled in. The busbars are condenser bushings, made 
of solid bakelized paper with an earth band on the 
outside. They can therefore be built into a wall, so 



OIL CIRCUIT-BREAKER FOR METALCLAD SWITCHGEAR: DISCUSSION 169 

that there is no communication of oil channels from the Those engineers who are familiar with the grid system 
one section to the other. will doubtless be acquainted with what is called the 

After a circuit breaker has operated on short-circuit, “ mesh connection.” This arrangement of busbars is 
it is necessary to inspect and clean the contacts. The good, firstly because it saves one circuit breaker per 
arrangement shown in Fig. 11 has 18 bolts on each tank equipment as compared with any equivalent system of 
door; taking a similar double-break switch there are connections, and secondly because one circuit breaker 
20 bolts to be undone. These 20 bolts, moreover, are can be taken out of service for maintenance while every 
in a horizontal plane and may be hidden by mechanism. circuit in the station remains alive. The arrangement 



Fig. O 


In this single-break design there are 130 gallons of oil shown in Fig. O compares with the 132-kV layout in 

per phase, and in the other 430 gallons, i.e. 300 gallons of Fig. 19, and shows the way in which single-break gear 

oil less to be handled. In the single-break switch, oil could, be connected up for “mesh” connection while 

is emptied by opening a valve; in the other case the preserving all its own special features, 

whole tank must be lowered, and as the oil with its [The remainder of Mr. Coates's remarks was similar 
containing tank weighs 3|- tons emptying takes a con- to his contribution to the London discussion (see 

siderable time. Finally, when the breaker is put back page 154).] 

the oil must be filtered. With any ordinary filtering Mr. D. Kingsbury: Switchgear is expensive because 
equipment the difference in filtering time amounts to switchgear testing plants are relatively new to the 

about 3 hours. industry. The plants in this country have probably 
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cost half a million sterling, and as a result of these 
plants considerable research work is being undertaken 
and experimental models are being made in order that 
ultimately switchgear shall cost less, in first cost, in 
maintenance, and in consequential cost due to failures. 

Tux'ning to technical points, although one often hears 
the use of oil in circuit breakers criticized, it appears to 
be very suitable for this particular service. We know 
that hydrogen is a very good de-ionizing agent, and in 
oil we have a stable liquid with high insulating properties 
which only requires an electric arc to liberate gases of 
which hydrogen forms about 70 per cent. Air-blast 
breakers which require the maintenance of compressed 
air, and expansion breakers which require the main¬ 
tenance of water in a fairly high state of purity, have 
been offered, but I think time will show that they cannot 
supersede the oil breakers. The authors are responsible 
for an important development in that less oil is being 
used in their circuit breakers than in other types. The 
less oil there is about any given plant, providing there is 
sufficient, the better. 

In the first examples of some of the explosion-pot 
designs there was a critical fault current at which the 
arc was liable to get right outside the pot, making a 
second line of defence imperative. This value was 
generally in the region of 10 to 15 per cent of full rating. 
It may be that as time goes on we shall feel so sure of the 
performance of these pots that a second line will not 
even be thought of. The more conservative engineers 
still like the second line of defence, i.e, an adequate 
break after the moving contact has left the pot. 

It is to be hoped that the importance of the rate of 
rise of recovery voltage has been settled, because our con¬ 
fidence will be seriously shaken if someone shows that it is 
not a criterion of severity. It is to be hoped that before 
long a statement of the maximum short-circuit kVA which 
impedance figures show can occur-at a given point on 
a network, together with a statement as to the maximum 
rate of rise of recovery voltage at that point, will enable 
a manufacturer to put forward a circuit breaker which 
can be guaranteed to do its duty adequately without 
being extravagantly designed. 

I cannot agree with the authors that the amount of 
deterioration of the oil in a circuit-breaker tank is a 
function of the number of contacts; I think it is a func¬ 
tion of the design of the breaker. It is a fact that 
explosion pots produce a most remarkable reduction in 
the carbonization of the oil, but I do not think that two 
explosion pots in series do twice as much damage as one, 
any more than six plain breaks do six times as much 
damage as a pair of breaks. Surely the carbonization 
is a function of the watt-seconds of arc energy, which in 
turn depend upon the design of the contacts and not 
the number in series. There is a point too in the authors' 
design which is not clear to me from a preliminary 
inspection of the drawings, narnely. that although it is 
easy to get inside the tank it does not seem easy to get 
at the fixed contacts. Mr. Coates makes the point that 
18 bolts on a vertical face are used instead of 20 bolts 
on a horizontal face, as in the more usual types of gear, 
but that the number of bolts is no criterion if there 
is a considerable amount of work to be done round the 
back of the contacts after the front plate has been 


removed. In the present types it is easy to get all 
round the contacts, and I believe at least one design 
has a breach-block action whereby the explosion-pot 
assembly can be dropped, leaving the fixed contacts 
available instantly. 

The circuit breaker is also a circuit maker, and there 
is a definite limit to the current that can be made on the 
throat type of fixed contact. There comes a point in 
the scale of making currents when one has to give away 
more in contact design to be able to put a pot around 
the contacts to improve breaking capacity than one can 
afford from the point of view of making capacity. 

Finally, in regard to fire protection, it would appear 
that solid compound has definite advantages over oil 
as a means of insulation in trunking. The type of 
cable usually found connected to switchgear is capable 
of giving off fumes which render it impossible to get 
near to the seat of a fire. The greatest care should be 
taken to ensure that a relatively small mishap, liberating 
a certain amount of ignited oil, does not become a major 
accident due to flames from the oil coming in contact 
with cables. Again, one must consider the possibility 
of simultaneous earth faults on different phases causing 
heavy currents to flow in the sheaths of certain cables 
and in that way starting a cable fire, with its associated 
fumes. 

Mr. R. Dean: Although I greatly appreciate the time 
and effort which are being put into research work to im- 


Table B 


Rated volts 

Approximate 

carrying 

capacity 

Approximate 
price per yard 

Approximate 
price per 100 kV.A 
transmitted 


kVA 

shillings 

ptiuce 

400 

200 

10-0 

60 

6 600 

3 600 

11-25 

3-76 

11 000 

6 000 

12-75 

2-55 

33 000 

16 000 

31-5 

2-36 


prove the performance of circuit breakers I feel that all 
such progress is but a means to an end, namely the pro¬ 
vision of a reliable, abundant, and cheap supply of 
electricity; and that as far as the financial aspect is con¬ 
cerned circuit breakers are more backward than any 
other type of electrical equipment. In order to sub¬ 
stantiate this statement I propose to give details in 
regard to cables and generating plant. 

Dealing first with cables, and considering a 3-core 
0'25-sq. in. armoured cable, the figures in Table B may 
be quoted. 

It will be seen that our cable makers are able to oiler 
supply engineers, and indirectly the public, very appre¬ 
ciable savings if they will use higher-voltage cables 
capable of dealing with greatly increased quantities of 
power, and one cannot deny that considerable research 
has been necessary to bring the art of cable-making torts 
present high standard. 

Referring now to generating plant, prior to the advent 
of the grid we were taught to believe that, by purchasing 
units of plant capable of considerably larger output, very 
material economies would be effected in initial cost per 
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kW. These, I must admit, have not yet materialized in 
the case of turbines and alternators, as I believe that one 
can now buy 6 000-kW sets at a price per kW equal to. 
if not less than, that of 30 000- or 50 000-kW sets. I feel 
that such a position leaves much to be desired. 

In the case of circuit breakers, however, the position 
is far worse. Complete metalclad circuit breakers with 
duplicate busbars, and having a rupturing capacity of 
100 000-250 000 kVA, can be purchased at approximately 
30s. per 1 000 kVA of rupturing capacity; but for 
breakers having rupturing capacities of 500 000- 
750 000 kVA and higher, the figure rises to £3 or £3 10s. 
per 1 000 kVA. It cannot be denied that, owing to the 
heavy cost of high-rupturing-capacity switchgear, supply 
engineers are being compelled to design system layouts 
in which the number of circuit breakers is reduced to even 
less than a desirable minimum. One appreciates the 
heavy cost of installing and operating a circuit-breaker 
testing plant, but unless such plants enable more efficient 
apparatus to be offered at prices which industry is pre¬ 
pared to pay, they are not fulfilling their purpose. I 
feel that the industry as a whole would be far better 
served if a national test plant were available under the 
control of an independent authority, such as the National 
Physical Laboratory. 

Although the single-break design described in the paper 
is undoubtedly much simpler and smaller than double¬ 
break gear, and therefore less costly to manufacture, I 
understand from the discussion of the paper in London* 
that very little reduction in price is anticipated, the main 
saving claimed being in installation and building cost, 
due to the smaller bulk. In this connection I would 
point out that the authors do not give the dimensions of 


their breaker, and the addition of these when the paper 
is printed in the Journal would be appreciated. 

From Fig. 19 it would appear that the top guide con¬ 
tact is carried by means of a long cantilever. This 
arrangement seems mechanically weak, and I should have 
preferred this contact to have been supported on a bridge 
piece. I noticed from the authors' slides that the isokitor 
chambers are fitted with glass windows, in order that the 
operation or position of the isolating switches may be 
readily seen. This, I understand, is standard practice 
for this type of gear, and I am pleased that a feature so 
essential to added safety in operation and maintenance 
has been incorporated in the authors’ design. 

Turning to Fig. 5 (Plate 2), the first item of oscillo¬ 
gram {b) shows that with a curi'ent of only 58 amperes 
(r.m.s.) the arcing length was the full limit of travel of 
the switch, namely 17 in. This I do not consider satis¬ 
factory, as I cannot accept the explanation that such 
small values of current at very low lagging power factor 
are unlikely to occur in practice. 

In conclusion, I wish to refer briefly to the method of 
supporting the main cables. These are invariably e.h.t. 
single-core lead-covered cables, with no armouring, and 
with the added weight of a large volume of paper. Such 
cables require particularly careful handling and installa¬ 
tion, and call for a type of cleat which provides at least 
twice the bearing surface of the normal type of porcelain 
cleat, if damage to the lead sheath is to be avoided. 
Where standard-type cleats are used in which the width 
of the bearing surface is often only equal to the diameter 
of the cable, indentations are likely to occur on the 
surface of the lead, which obviously must upset the 
electric stresses in the cable dielectric at these points. 


THE AUTHORS’ REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE, 

MANCHESTER, AND BIRMINGHAM 


Messrs. D. R. Davies and C. H. Flurscheim {in 

reply ): As in a number of instances speakers at different 
Centres have made generally similar comments, we have 
classified our reply to the various discussions under the 
main headings of the paper. 

Theoretical Considerations 

The second break of a double-break conventional unit 
fitted with interrupting devices has been described by 
Dr. Garrard and Mr. Blandford as affording a second line 
of defence in case of failure of the first. We have shown 
that under normal fault conditions the second contact 
contributes a negligible amount to the interrupting duty, 
both as regards resisting the restriking voltage oscilla¬ 
tions and reducing the subsequent voltage gradient 
across the live-side gap. The question arises, should the 
live-side contact fail, upon which falls 85 per cent of 
the interrupting duty, will the second gap in reality act 
as this back-up protection? Failure of the first contact 
may be either dielectrical or mechanical. If the former 
occurs it is suggested that the second gap will take 
upon itself the whole restriking oscillation, and thereby 
bring about interruption. We have, however, made 
analyses of a large number of cathode-ray oscillograms 
showing the voltage distribution across two cross-jet 

,* See page 151. 


contacts at current zeros, at which dielectric failure of 
one contact has occurred. In every instance simul¬ 
taneous failure has occurred in the second contact within 
the limits of measurement of about 5 microsec., and no 
appreciable transference of duty has taken place. This 
immediate breakdown always occurs in the earth-side 
gap, although the stress across it, as measured by the 
rising restriking wave, is only a fraction of that which 
the line-side gap has withstood before failure. As it is 
to be expected that each contact will develop electric 
strength at an approximately equal rate, we attribute 
this phenomenon to voltage surges produced by the 
mechanism of dielectric collapse in the first gap to fail. 
An example of this action is shown on the right of Fig. 9. 
The line-side and earth-side cross-jet gaps have failed 
simultaneously with voltage stresses of 26 000 and 
2 300 volts respectively. In Fig. 5, six such failures are 
shown for a plain breaker in which grading has occurred. 
Again no transference of duty has occun-ed, although it 
is possible that transference might occur with this ineffi¬ 
cient type, for in this case breakdown is a gradual process 
requiring several microseconds and may not be accom¬ 
panied by surging. Whatever the p)recise cause, the 
result is that the second gap does not provide the back¬ 
up protection that might otherwise be expected from it 
under conditions of failure of the first. 
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Should mechanical failure of one contact occur, the 
causes which can bring this about, such as excessive arc 
length or duration, are simultaneously common to the 
second contact, and it is probable that failure will occur 
there also. We believe, therefore, that no appreciable 
increase in safety is brought about by duplication. It 
is, in fact, fair to say that duplication of parts that 
cannot take a fair share in the operating cycle under 
any of the severest conditions,., actually reduces the 
overall reliability. 

Mr. Ratclifi questions whether the capacitance-con- 
trolled voltage ratio under test conditions holds in service. 
This must be exactly the same for similar types of fault, 
although the oscillating frequencies probably will not be 
as high as the highest used during our tests. We did, 
however, use a specially modified system connection for 
certain of the tests in which the frequencies would be 
comparable, and the same effects were observed (Tests 
Nos. 2 and 4, Table 2). 

Mr. Clothier claims an improved ratio 75-25 per cent 
on a rotating-contact breaker, as against 85-15 for the 
longest arcs on the normal breaker we selected for our 
tests, this having been obtained by an arrangement 
which allows of constant clearance and capacitance 
between moving contact and earth. Since, as the 
breaker opens, the capacitance between fixed and 
moving contacts always initially falls very fast, the 
voltage ratio will fall to 75/26 in the first inch or two of 
travel, and will then remain fairly constant as the 
breaker continues to open, instead of falling off a further 
10 per cent as in the conventional arrangement. It is, 
therefore, probable that the short arc duration of this 
132-kV breaker at 100 per cent rating is to be attributed 
more to efficient contact design and to testing with 
insulated fault and earthed neutral (affording more 
favourable voltage distribution than the reverse method), 
than to any great internal improvement in voltage 
ratios. 

Mr. Blandford suggests that the ratio of 85-16 is not 
representative for conventional breakers, but we would 
draw his attention to the 90-10 ratio referred to in the 
text and obtained by Dr. Slepian. Mr. Blandford also 
refers to voltage grading by means of the interrupting 
contacts, but gives no indication of how this is done. 
If he is referring to the standard “ deion ” contact, the 
metal plates in this structure will form small condensers, 
but as they are in series with one another there will be 
a negligible increase in capacitance between fixed and 
moving contacts. He considers that our divider capa¬ 
citance appreciably distorted the true ratio, but the 
actual and slight change is shown in Fig. 7. 

Mr. Adam is correct in stating that, with extremely 
short arc lengths, distribution across a two-break design 
becomes somewhat more balanced, but we see no prospect 
at present of obtaining consistently arc lengths of 1 in. 
over a range of current at 33 kV, and such a length 
becomes necessary to obtain any appreciable improve¬ 
ment. Should such lengths become attainable there 
would be no difference between the conventional and the 
rotating-arm arrangements, since large oil clearances 
between contact arm and tank would be maintained at 
interruption in both instances. 

As regards the maximum voltage for a single-break 


design, the distribution theory holds to any limit, and 
since in the past it has been possible to constiuct two 
contact breakers of 132 kV and higher, one of these 
same contacts will do the work almost as well and, with 
modifications permissible in a single-break design, can 
be made to give an even better performance. 

Mr. Clothier and Mr. Allan refer to a single plain- 
break metalclad breaker produced prior to that described 
in the paper. Their conversion of this design to multi- 
plain break with improved performance is in agreement 
with the theory we have advanced for this type of circuit 
breaker, in which leakage resistance grading probably 
occurs. The single-break metalclad breaker is not new, 
but what is new is a successful design of this type, which 
is partly due to an appreciation of the differences 
between plain-break and arc-control action in voltage 
grading. 

The instrument initiated and designed by Messrs. 
Trencham and Willdnson for restriking voltage-wave 
measurement should be of very real value, affording, as 
it does, the only practical available undistorted measuie 
of inherent wave-form. Mr. 'Wilkinson has suggested 
that plain breakers are preferable because they suppress 
the high-frequency oscillations. This type cannot, 
however, be relied on to do this consistently, because, as 
mentioned in the paper, when occasional and fortuitous 
efficient interruption occurs the oscillations are no longer 
suppressed. Certain plain breakers at low voltage are 
also fairly consistently efficient, and these probably have 
no leakage current at all—and have no resistance grading. 
The cathode-ray films shown represent the case of in¬ 
efficient plain-breaker operation, which has been one of 
the justifications for some multi-break designs in the 
past. The suppression of current before the true zero 
is at present inevitable with any efficient high-voltage 
breaker. The excess peaks are not, however, of a 
dangerous value, as is shown in the Appendix, and no 
trouble should be experienced from the wave deforma¬ 
tion that may occur. 

E>r. 'Whitney suggests that the tangential method of 
measurement of restriking voltage is not necessarily 
comprehensive when more than one frequency is present, 
and with this we agree, but the amplitude of the first 
high-frequency waves in Figs. 9 and 10 are in both cases 
greater than 80 per cent of the peak 60-cycle recovery 
voltages, and the tangents are, therefore, in conformity 
with the proposed American standards referred to by 
Mr. Coates. 

We believe with Mr. Coates that of all those proposed 
the tangential method (OA in Fig. H) employed has the 
greatest significance. We have, however, also given 
the maximum peak voltages, the ratio of which will be 
the same as that for rates measured by the alternative 
method, neglecting the extra high-frequency components 
as given by his line OB (Fig. H), or by Dr. Whitney’s 
OB (Fig. F). The correlation of the importance of these 
two factors, rate and peak, as discussed by Mr. Adam, 
is of considerable importance and is a subject on which 
as yet there is very little data available. The tangents 
have been drawn through the points of zero current, 
but where leakage currents occur these can obviously 
only be approximately located, as in Test 3 [c). For the 
other tests mentioned by Dr. Whitney, reasonably 
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accurate location of the zero is possible on the nega¬ 
tives. 

Mr. Evans and Mr. Mellonie have asked for an explana¬ 
tion of Fig. 3 (d), Test No. 6, in which the restriking 
voltage across one break was greater than that across 
the whole breaker. In the paper, in order to reduce 
theory to the minimum and to that for which we had 
experimental proof, we have based our arguments on the 
simplest case in which arc voltage is assumed negligible. 
In some of the tests this was not the case, and we should 
expect variations according to whether both arcs become 
sensibly infinite in resistance at the same instant, or at 
intervals separated by a few microseconds. 

If the synchronization is exact, the voltage-changes 
across each gap will be proportional to the capacitance 
ratio, but the total voltages at the first peak will only 
be in the same ratio if the initial arc voltages are zero. 
If, for instance, we have an initial arc voltage at the 
commencement of interruption of — 6 000 volts across 
each gap, and a total change during the first high-fre¬ 
quency oscillation of + 20 000, with a capacitance ratio 
of 60 : 1, then only -|- 400 volts change will occur on 
the earth-side gap, which will remain with — 4 600 volts 
across it. This is what occurred in Test No. 6, and to 
.some extent in Test No. 15, and it may cause the second 
break to be a definite liability. 

If synchronization is not exact, the changes in voltages 
across the earth-side gap may be more or less than the 
theoretical, one of the arcs acting for a few microseconds 
as a high resistance. The distribution of restriking 
voltage may, therefore, be better or worse than predicted, 
although, as circuit breakers go, the total variation in 
the tests of Table No. 3 is not of much importance. 
Such as it is, it tends to make the variation in perfor¬ 
mance of a multi-break design greater and, therefore, 
more difficult to test satisfactorily as compared with 
the single break, as a larger number of tests are required 
to ensure the worst condition having occurred. 

In reply to Mr, Mellonie, by leakage current we mean 
a small current-flow in the arc after the final zero of the 
short-circuit. This current is referred to in detail in 
References (2) and (3) on page 148. 

The interesting case of an inefficient plain break in 
series with an efficient controlled arc break, raised by 
Mr. Dannatt, can be explained by the theory given in 
the paper. If the plain break is inefficient, at the time 
of current zero the dielectric resistance vdll still be low. 
The controlled arc break will, however, have a sensibly 
infinite resistance. Under these conditions the capaci¬ 
tance voltage control will be swamped by the resistance 
control, so that the efficient arc may perform all. the 
duty even if on the earthed side of the breaker. The 
capacitance-controlled ratio will be gradually restored 
as the dielectiic resistance in the plain-break gap builds 
up. This may actually commence during the first high- 
frequency oscillation, or may be delayed appreciably 
longer. Whether interruption should commence at or 
before the final current zero seems immaterial to the 
argument, since the commencement of interruption neti^er 
presents any difficulty. At every zero, even with the 
shortest arcs, the restriking oscillation begins, but 
failure occurs when the voltage amplitude becomes too 
great for the electric strength of the gap. 


In reply to Mr. Farrer, we would point out that the 
space-charge theory mentioned in the paper was put 
forward by Dr. Kopeliowitch as an explanation of why 
the voltage could be equally distributed across a multi¬ 
break unit. Our experiments (Series TI) have con¬ 
firmed our belief that this effect, if it exists at all (and 
it is difiicult to isolate it from slight leakage current or 
lack of synchronization effects), is of a very small 
magnitude. It is true that in the Series I test no 
quantitative check on this could be obtained because of 
the large divider capacitance, but in Series II no appre¬ 
ciable masking of the phenomenon can have occurred. 

The capacitance ratio of voltage division, as Mr. 
Farrer points out, naturally holds only during the 
periods when the breaker is attempting to interrupt 
subsequently to each current zero, and also throughout 
the final restriking and recovery voltage periods. The 
voltage distribution during power arcing is resistance- 
graded. 

Thus each break is subjected to the full distress, 
while only one performs the interrupting duty. 

Short-Circuit Tests 

Messrs. Ratcliff, Blandford, and Kingsbury, have 
referred to arc energy as a criterion of distress. In 
practice it is found that considerable variations in arc 
energies occur even in consistent breakers under repeated 
similar tests, while the visible distress, tank pressure, and 
deterioration, are not closely related with these values. 
For the single-break 66-kV unit the 3-phase arc energies 
varied from 0*38 to 0-77 kW-sec. per MVA interrupted 
at 66 kV. Over a few tests made on a double-break 
equipment employing two contacts of duplicate design 
the range was 0 • 43 to 1 • 3 kW-sec. per MVA at the same 
voltage. 

While we agree with Mr. Kingsbury that deterioration 
in a breaker is a function of contact design, with similar 
contacts arranged in series, it must also be a function 
of number of breaks, unless the arc durations are cut 
down very appreciably by the duplication, which we 
have shown is not the case. 

The proposal to rate the breakers by current and 
voltage, rather than by kVA as advocated by Mr. Rat¬ 
cliff, will, it is hoped, be gradually accepted by the 
industry since the product of two quantities measured 
at different instants of time has no real significance and 
causes a lack of uniformity in interpretation of test 
results. This change in rating has been suggested by 
the I.E.C. and is embodied in the Specification now 
under discussion before the various national Committees 
for acceptance. 

A number of speakers have referred to the synthetic 
figure of 4 000 MVA suggested as the ultimate limit 
upon which the mechanical factor of safety of the 
breaker could fairly be based, and Mr. Harris in parti¬ 
cular has asked us to define our ideas in regard to syn¬ 
thetic testing. 

The practical considerations to be met in order to 
justify this method (as apart from those of finance) seem 
to us to be: (a) that the component parts of such a test 
should give similar arc lengths and durations, (5) that 
the breaker should perform consistently; (c) that if the 
breaker is of the self-generating arc-control type, the 
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interrupting characteristic shall improve, or at any rate 
not deteriorate, with increase in current within the limits 
employed for a synthetically obtained rating; {d) that 
if the breaker is of the externally-applied fluid-blast 
type, the mechanical flow shall not be appreciably 
altered by increase in current up to the same limit; 
[e) that it should not be applied to the plain-break type; 
(/) that in deriving an ultimate figure on which to 
show a mechanical factor of safety, the maximum values 
of individual tests compl 3 dng with (a) and (b) may be 
used; (g) that in deriving a rating, average values of 
two series of tests be used as suggested by Mr. Farrar, 
or a correction be applied to (/) for the average effect of 
voltage. 

The figure we gave complied with all the relevant 
criteria given above. To derive a rating from Mr. 
Pearce’s curve (Fig. N) the weighted mean correction 
factor for arc length for a range of 10 to 70 kV is 0-82, 
and, allowing for an increase in arc duration of a similar 
order, the corrected kVA would become 4 000 X 0*82^ 
= 2 670. That a factor of safety on figures derived in 
this manner as usually allowed does not seem to us to 
detract from their value, but rather is it in line with all 
normal engineering practice in which factors of un- 
. certainty are employed based on fracture and elastic 
limits. What this factor should be will vary with the 
extent of extrapolation and with the performance of the 
breaker. 

Replying to Mr. Clothier, if the tank pressures were 
7 times the figure of 90 lb. per sq. in., obtained in a 
test at 600 MVA, no damage would be sustained by the 
tank structure of the single-break unit, which is capable 
of withstanding impulse pressures of about 1 000 lb. 
per sq. in. 

Dr. Garrard is incorrect in his assumption that the 
breaker would not make the current corresponding to 
the above synthetic test, since, as shown in Table 6, 
Test 16, a make-break duty was actually carried out, the 
making peak having been 82 000 amps. In reply to 
Mr. Stratton, the high ratio between the above peak and 
the r.m.s. value of 28 400 amperes at the time of contact 
separation is due to the time interval and consequent 
generator decrement between these two instants, the 
breaker in this test having had delayed tripping in 
order to allow the mechanism to latch fully home. 

The policy of fitting interrupting contacts to circuit 
breakers, as advocated by Messrs. Pearce and Evans in 
their paper* before the Institution 4 years ago, which 
policy received some opposition at the time, has now been 
generally accepted. We, however, advocate their use 
at lower voltages than does Mr. Clothier, who still prefers 
plain-break operation at 6*6 and 11 kV. We have not 
experienced the additional difficulty, referred to by Mr, 
Kingsbury and suggested by Mr. Stedman, in making 
very high peak currents with throated pots, any increase 
in throw-off force caused by pre-arcing gas pressures 
being offset in double-break units by the more favourable 
magnetic loop arrangement as compared with a plain 
breaker. This is due to the horizontal moving conductor 
being remotely situated with respect to the fixed vertical 
conductors when cross-jet contacts are fitted (Fig. 6). 
The throw-off forces due to the corner effect which are 

* /oMmat19.32, vol. 71, p. 703. 


present with plain breakers are then eliminated, since 
they cause only internal stresses between the pokers 
and moving cross-bar. Especially is this the case when 
the magnetic loop is entirely eliminated as in the designs 
described. 

In reply to Mr. Stedman, the operation of the cross¬ 
jet pot has been described by the above authors, but in 
brief is as follows:—During powder arcing it is not 
possible for any appreciable leakage of oil and gas to 
occur through the lateral venting jet plates (Fig. 12), 
since these are blocked by the high back-pressure 
generated b 3 r the arc. In those periods, therefore, a 
gas cushion under pressure is formed in the metal body 
surrounding the fixed contact. As the current ap¬ 
proaches each zero the arc pressure falls and the expand¬ 
ing gas cushion commences to force a flow of oil and 
gas through the jets, at the same time holding the arc 
close to the jet plates. The supply of fluid escapes from 
the top chamber through the vertical back passage, and 
to a lesser extent through the smaller contact throat. 
At the current zero itself these jets commence to cut 
across the conducting filament of gas through which the 
small current immediately prior to the zero has been 
flowing, inserting non-conducting layers of gas and oil 
between the contacts. It has been determined from 
oscillograms that the gas-cushion pressure does not have 
time to become fully relieved in the zero periods and, 
consequently, becomes higher at each subsequent zero, 
until, when a sufficient pressure and number of uncovered 
jets are obtained, interruption occurs. 

The short arcing times quoted by Mr. Clothier for his 
66-kV single-break design are not strictly comparable 
with those for the contact of Fig, 12, since with a maxi¬ 
mum test current of only 6 000 instead of 30 000 amperes 
a considerable reduction in throat area would be per¬ 
missible, with a consequent improvement in performance. 

Messrs. Clothier and Farrer have referred to variations 
occurring in the opening speed during make-break tests. 
The original single-phase breaker had a no-load speed 
of 12 ft. per sec., while the 3-phase unit tested on plants 
" C ” and " D " had a speed of 16 ft. per sec. The 
remainder of the variation at similar currents is accounted 
for by pre-tripping on certain of the M-B duties, prior 
to contact making, with the object of parting the con¬ 
tacts on the maximum total current. Under these 
conditions the breaker may reverse before fully closing, 
and the throw-off springs do not then give their full 
accelerating force. In service, the relay cannot be 
excited before the short-circuit is applied by the breaker, 
which, therefore, has time to close fully. These varia¬ 
tions are obviously no part of the designer's intentions, 
but are inevitable when tests are made under both pre¬ 
tripping and delayed-trip conditions. 

In reply to Mr. Blandford, it is true that about 20 per 
cent increase in opening speed is necessary as compared 
with the double-break designs, but 100 per cent increase 
can be obtained with similar mechanisms. 

We cannot agree with the argument put forward by 
Mf. Gregory, that because it appears to be easier to 
break a high current than a low, a high-kVA breaker 
need not be any different from one of low kVA at 
the same voltage. The difficulty of interrupting low 
currents increases as the maximum current is raised. 
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owing to a necessaiy increase in venting, while the 
mechanical troubles are aggravated by increased pot 
size to contain the greater oil volume found essential 
with heavy currents. In addition, the stresses through¬ 
out the structure rise as the square of the rating. Under 
the proposed I.E.C. Specification, a testing range of 10 
per cent to 100 per cent is called for, and it is found that 
a lighter and smaller breaker can be designed to inter¬ 
rupt, say, 100 to 1 000 amperes, than 500 to 5 000. 
Replying to Dr. Garrard and Mr. Dean, in theory it ma 3 r 
be, desirable for a breaker to be able to interrupt one 
half per cent of its rated current at a low lagging power 
factor within its pot, but in practice we do not see how 
such a range of inductive short-circuit power can occur 
in one position on a system. Nor have we seen tests 
published elsewhere made under such conditions, and 
this value is one-twentieth of the smallest proposed by 
the I.E.C. Specification referred to above. We therefore 
consider the fact that such a current associated with 
phase-to-phase rated voltage was actually interrupted 
by one phase without damage, to be adequate proof of 
the ability of design to deal with any service condition. 

It was, perhaps, misleading in Table 4 to average 
the values of two series of tests which were not made at 
exactly similar voltages and currents. If only those 
tests which are comparable are considered, i.e. eliminating 
the first three single-break tests which were made at 
reduced voltage, it will be found that at the same 
average currents, voltages, and volt-amperes, the 
average arc durations and lengths are longer for the 
single break by 10 per cent. The fact that the first 
tests were made at a reduced voltage, thus lowering the 
average volt-amperes as indicated by Dr. Garrard, is 
purely a testing condition and cannot be held against 
the single-contact breaker. That this is no isolated 
performance is emphasized by Mr. Coates’s analysis, in 
which a single-break 66-kV breaker gave a performance 
superior to that of the analogous double-break type. 

The test voltages in Figs. 16 and 17 have not been 
corrected for power factor and asymmetry, although the 
analysis in Table 9 in the Appendix has had this com¬ 
bined correction applied. 

It may be that at some future date, when a more 
detailed knowledge of the subject is available, it will be 
possible to compai'e tests on different plants by applying 
a correction factor for the natural oscillating circuit 
frequencies and damping factors. With present data 
such a scheme would be premature, as neither service 
conditions nor the effect of variation in frequencies on 
different types of modern breaker, nor even the different 
effects of single-and multi-frequency waveforms, have 
been fully analysed. 

In reply to Mr. Stratton, the plain breaker which 
arced for 16 • 7 half-cycles continued arcing when in the 
fully-open position. In all tests the power factor was 
0 -1 or less. ; 

The air-blast breaker oscillogram shown by Mr. Wood 
indicates a remarkably short arc duration, but the term 
“ high-speed breaker’’ implies a short overall interrupting 
time from receipt of trip impulse to arc extinction, and, 
since the trip current is not on the film., this time cannot 
be determined. It is, however, known that a number of 
cycles must be added to the time shown for the building- 


up of the trip-coil current and initiation of the move¬ 
ment of the large main air valves, which are controlled 
by a servo action. 

Design 

Mr. Ratcliff has pointed out that one of the features 
that has made possible the single-break design has been 
the development of a satisfactory sliding contact. That 
this contact neither affects unfavourably the interrupting 
process nor is itself affected by short-circuits, as is 
suggested by Mr. Blandford, has, we submit, been ade¬ 
quately proved as described in the paper. It has never 
been necessary to replace any of the sliding contacting 
parts, and the seizing trouble experienced by Mr. Mellon ie 
does not occur where suitable materials are chosen. 

When high-speed operation is required, and especially 
when this speed must apply to a wide range of short- 
circuit current, we agree with Mr. Gregory that the 
impulse type of breaker in which oil is propelled across 
the arc by mechanical means, has advantages over the 
more normal designs. The mere pushing of oil into 
the arc, however, will not necessarily afford the high 
efficiency associated with certain of these designs, and 
adequate short-circuit testing is as essential as with other 
types of breaker. 

Considerably divergent opinions have been expressed 
about the layout of the single-break circuit breaker, and 
several speakers who grant our theoretical case for this 
class of gear as proven have put forward their own 
alternative designs, 

Messrs. Clothier and Allan have constructed a vertical 
arrangement having a U-shaped moving contact, but 
requiring concentric type breaker and spout bushings, 
while Messrs. Trencham and Ferguson advocate different 
horizontal forms. We ourselves considered a variety of 
vertical and horizontal arrangements during the develop¬ 
ment period, and since all have their peculiar advan¬ 
tages we did not expect general agreement on any choice 
we might have made. Mr. Clothier’s criticism that 
particles of carbon may settle in the pot and cause 
dielectric breakdown in our arrangement was, however, 
disproved by a series of 19 short-circuit tests. These 
were made at both high and low power without change 
of oil, and the last was followed immediately by a suc¬ 
cessful sustained over-voltage pressure test supplied from 
the short-circuit generator and transformer, without 
removal of voltage from the breaker. We think that 
Mr. Clothier’s Fig. A should be considered together with 
Fig. 18 of the paper, since it is in plan that the single 
vertical-break design gains most as compared with 
double break, while the relative merits of {a) or (c) can 
be judged only from complete unit drawings for similar 
applications. 

We are surprised that Mr. Trencham should criticize 
the lift-up insulating rod, since he has himself been asso¬ 
ciated with perhaps the only design which has survived 
successfully without appreciable change the test of 80 
years’ service, and which still uses such a rod. This 
satisfactory record seems also the answer to Mr. Bland¬ 
ford in making a similar comment. 

Another criticism made of the vertical design is the 
necessity for an oil-tight door, but in an equipment 
already requiring a considerable number of such joints 





Double-break equipment. 

Fig. P 



















































OIL CIRCUIT-BREAKER FOR METALCLAD SWITCHGEAR; DISCUSSION 


177 


the addition of one more does not seem of great im- mechanism for contact checking purposes—a disadvan- 
portance. The impulse pressures this door must with- tage in maintenance work. 

stand are offset by the great rigidity of the flanges as Messrs. Allan and Kingsbury both imply that we have 
compared with normal transformer or switchgear sacrificed accessibility, but we think the maintenance 

practice. times given by Mr. Main justify our claim to improved 

As regards the application of single-break designs, facilities in this respect. This will be all the more 

there is again a similar variation in opinion. Mr. marked in comparison with any e.h.t. floor-mounted 

Blandford sees no good in it at all. Mr. Clothier seems breaker the maintenance of which type is referred to 

to doubt if much advantage can be obtained, but puts , by Mr. Davidson. Single-break installations now under 
forward 66-kV test data and a proposed arrangement, construction are also being supplied with tanks for clean 
Mr. Ferguson considers our suggested minimum voltage and dirty oil as he suggests. 

of 22 kV perhaps too low, unless phase separation is The insulated design of cross-jet pot shown in 
necessary. Mr. Trencham believes it may be too high. Fig. 12, which, as Mr. Coates points out, has made 

while Mr. Allan shows a design which has been con- practicable high-voltage designs, has also been mounted 

structed for 11-kV service. While we do not think that in some equipments with breech-block fastenings, 

a reduction in material or oil volume can be made at which would reduce still further the times shown by 

such a low voltage, the possible improvements in per- Mr, Main. 

formance and reduction in deterioration may make such Messrs. Ferguson and Trencham criticize the fixed- 
development worth while. breaker design of Fig. 11, which has been in actual service 

Both Messrs. Clothier and Allan compare the design 
of Fig. 19 with their double-break equipments in Figs. B, 

K, and L. We agree that on duplicate busbar installa¬ 
tions, provided no attempt is made to separate the 
busbars either from each other or from the outgoing 
circuit, and by the use of their ingenious but compli¬ 
cated sliding bushing isolators, similar overall dimensions 
may be obtained, but we do not think this will also 
hold for single busbar equipments. The difficulties 
associated with the necessary high-voltage spout t37pe 
bushings are, however, considerable, while on important 
installations we consider busbar separation to be essen¬ 
tial, which accounts for the spacing of the breakers in 
Fig. 19. This wide spacing does not appear to us to be 
inconsistent—as suggested by Dr, Garrard—^with building 
the individual breakers to the smallest dimensions for 
given dielectric clearances, thereby increasing the 
mechanical factors of safety of the structure. It should 
also be possible to meet Mr. Kidd's criticism of Fig. 20 
by inserting a concrete partition between the busbars. Fig. Q.—Comparison between 132-kV single- and double- 
That a 60 per cent building saving is obtained with break designs. 

66-kV single-break gear as compared with a double-break 

oval tank arrangement affording equal safety is shown in several installations for two years, on the score that 
in Fig. F. if structural distortion occurs due to failure, repair is 

If, however, Mr. Clothier’s design having busbars more difficult. The withdrawable breaker, however, 
arranged in close proximity is acceptable, then a con- in this unlikely event may easily become totally im- 
siderably more compact design of single-break structure movable, while for outdoor use the fixed design appears 
becomes possible, as shown in the 132-kV comparison in to us almost essential to a sound design. 

Fig. Q, which is still at least as accessible as the sliding In reply to Messrs. Main and Davidson, designs up to 
bushing alternative, while the ground area is some 132 kV as mentioned in the paper are quite practicable 
16 per cent less. for either indoor or outdoor single-break equipments, 

Mr. Allan criticizes our fixed designs on the score that and their more complete development awaits only a 
maintenance work must be carried out in close proximity demand from the industry. 

to live conductors, but a metal barrier and positive Messrs. Garrard and Harris criticize oil-filled metal- 
visible earthing have in the past been considered as safe, clad gear on account of the number of chambers, but we 
Also his own design suffers from this same defect, if think it is generally accepted that a design having many 
defect it be. Contact inspection and similar work small subdivided oil chambers requiring little if any 
requires the removal of the breakers, but this must be maintenance is preferable to the alternative having a 
done by men separated from the busbars by a metal number of large cubicles necessitating elaborate inter¬ 
barrier only, while the removal and replacement of locking and cleaning, and even then not affording the 
these breakers will possibly take more time than does same safety to operators. The current-transformer 
the complete overhaul for single-break gear. Moreover,, chamber of Fig, 21 is air-filled, the oil-level line in the 
it does not seem practicable to operate the three phases isolating chamber " D ” having been inadvertently 
of the breaker when removed by means of their own omitted. 

VoL. 79 
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Mr. Blaiidford finds a further failing in the single- 
break design, in that it has no magnetic loop to aidmn 
accelerating the contacts. Since, as shown by test the 
breaker does not require any such additional accelera¬ 
tion, this is of no consequence, and at 22 or 33 IrV is in 
fact an advantage in reducing the making row o 
force to be dealt with by the mechanism of breakers oi 

high rated capacity. . 

We agree with Mr. Kidd that exactly simultaneous 
making of a 3-phase circuit is not essential—although 
these designs do not differ from the normal in this 
respect—^while simultaneous breaking is in any case 
impossible, the last two phases always requiring an 
additional period of about I cycle. The contacting 

faces of the contacts are of line type. 

Figs. 20 and 21 are perhaps not very clear, since 
the fixed contacts are not carried in cantilever as mter- 
■ preted by Mr. Dean, but by two bracing bars which are 
discernible in section on either side. In reply to Mr. 
Burgess, magnetic latches consisting of a magnet and 
armature can be employed to replace mechanical latches 
An armature holds in the mechanism through the usual 
system of toggles, and it is tripped by diverting the flux 
through a leakage path, affording a fast release equivalent 
to that obtained on d.c. high-speed breakers for traction 

^^The busbars at the bottom of Fig. 20 criticized by 
Dr Garrard have been in reliable service for many years 
and are in fact rounded at their edges; the design shown 
using compound filling, is intended for indoor use, as oil 
should of course be employed out of doors. , 

In reply to Messrs. Mellonie and Stratton, the feeder 
cable can be earthed through the breaker of Fig. 11 by 

closing the earthing switch (D). ^ ^ ^ 

The ratio of oil volumes requested by Mr. Solomon 
for single- to double-break breakers of 33 kV, 1 500 MVA. 
with phase separation, would be about 3 to 5. At e 


suggestion of Mr. Dean we have added scales on repre¬ 
sentative layouts at 33 and 66 kV. 

Costs 

A number of speakers have referred to costs indi¬ 
cating that the single-break unit should be^either cheaper 
or more expensive than the normal. The continued 
development in the interests of higher speed and greater 
rehability has prevented any stabilization of design, 
and untn this is brought about economies are likely o 
remain indirect-as building and maintenance reductions 
and in the form of insurance, inasmuch as better pio 
tection is available. We do not, however, consider the 
comparison of cost per kVA given by Mr Dean to be a 
corrL presentation of the case. The duty of a circuit 
breaker is more analogous to that of a gun than to that o 
a cable, and we believe that in all probability the cost of 
the former rises more rapidly than their calibie or 
weights. The single-break design seems to 
to be justified on purely technical grounds whether the 
cost be less than, the same as, or greater than, for a 
normal breaker. 

In conclusion we should like to express our appre¬ 
ciation of the interesting and controversial discussions 
which have taken place. Our object in presenting 
this paper was partly to give a theory and its proof 
in justification of single-break design, and to dispel 
the old idea that multi-break designs must inherently 
be better, regardless of their type. Our theory we believe 
to have been generally accepted, and the nuinber o 
alternative single-break designs now put forward bears 
out this conclusion. It was also to desciibe our actual 
tested designs, some of which have been constructed and 
are in service. These have met with a more varied 
reception, but we believe the final criterion to be then- 
actual and satisfactory operation under service con¬ 
ditions. 
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{Paper first 

SUMMARY 

This paper contains an account of the advances in design 
and theory of the screened hot-wire ammeters described in 
1930. The design has been improved both mechanically and 
electrically, leading to more compact instruments of lower 
impedance. These improvements have arisen from a more 
careful consideration of the temperature distribution in the 
hot wire, the behaviour of the magnifying system, and the 
corrections necessary at high frequencies. The results of 
experience with a number of experimental instruments are 
given and constitute a basis for any further designs that may 
be required. 


LIST OF SYMBOLS 

A = area of cross-section, in cm^. 

E = Young’s modulus, in dynes per cm^. 

/ = frequency, in megacycles per sec. 

h — rate of dissipation of energy from surface of 
hot wire, in watts per cm^ per deg. C. 
temperature-rise. 

Iq = amperes (d.c.) carried by hot wire. 

I = length, in cm. 

Pq = watts expended in hot wire at air temperature 
when current in it is Jq. 

pull at mid-point of sagging wire, with pointer 
in zero position. 

= pull at mid-point of sagging wire, with pointer 
in load position. 

g = a.c. resistance per cm length of hot wire. 

S.d.c. = d.c. resistance per cm length of hot wire. 

— measured resistance of sample of wire of length 
and diameter d. 

8 = area of surface of hot wire, in cm^ per cm 
length. 

8 = sag of hot wire in zero position of pointer, 
in cm. 

ITj = tension in sagging wire, with pointer in zero 
position. 

Jpg == tension in sagging wire, with pointer in load 
position. 

X = distance, in cm. 

a — coefficient of increase of resistance per deg. C. 

^ = coefficient of increase of rate of cooling per 
deg, C. 

■ 6 = temperature-rise of hot wire above surround¬ 
ing atmosphere, in deg. C. 

K — thermal conductivity of material of hot wire, 
in watts per cm^ per deg. C. per cm length. 


LIST OF SYMBOLS—continued. 

p — specific resistance of material of hot wire at 
atmospheric temperature, in ohms per cm 
per cm^. 

and — constants relating to temperature 
distribution in hot wire, 

INTRODUCTION 

A form of screened hot-wire ammeter suitable for use 
over the range of frequency 25-100 megacycles was 
described by the present author in 1930.* Experience 
of the use of these instruments and of the design and 
construction of improved 'forms which has been gained 
since that date is embodied in this paper. 

The subject matter naturally divides itself into the 
following sections: (1) The thermal conditions prevailing 
in the hot wire; involving a knowledge of the various 
physical constants of the materials of the wire. (2) The 
mechanical magnifying system. (3) The electrical cor¬ 
rection due to change of eSective resistance with fre¬ 
quency. (4) The calculation of the correction factors; 
including the corrections for the change of resistance, 
for the distributed inductance and capacitance of the 
wire, and for the terminal capacitance. (5) Mechanical 
details of construction. Some parts of this schedule, 
particularly Sections (3) and (4), were dealt with in the 
earlier paper, and only small extensions are included 
here. 

As was pointed out in the earlier paper, one disad¬ 
vantage of these instruments is that the length of hot 
wire which is convenient from the thermal and mechanical 
points of view, leads to the electrical impedance becoming 
inconveniently high. Attempts have been made to 
reduce the impedance without introducmg other diffi¬ 
culties, and some parts of this paper relate rather 
particularly to the problems encountered in this new 
design. 

The only material that has been used for the hot wires 
is a platinum-silver alloy similar to, if not identical with, 
that used in the original Hartmann-Braun design of 
some 40 years ago. This alloy consists of approximately 
33 per cent platinum and 67 per cent silver. It has the 
advantage that both the specific resistance and the 
coefficient of linear expansion are fairly high; that it 
can be worked for long periods in ordinary atmosphere 
at temperatures of from 200° C. to 300° C. without 
appreciable oxidization of the surface; that it is non¬ 
magnetic; and that the mechanical properties are good, 

♦ /oitmai Z.jE.jB., 1930, vol. 68, p. 556. 
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the material being similar in this respect to phosphor 
bronze. 

The general tendency of the mechanical design has 
been in the direction of rendering the instruments more 
compact and less liable to injury arising from projecting 
terminals coming into contact with external obstacles. 


The solution of (2) when k\ is positive (as is always 
the case), and with the limits 0 = 0 both when a; = 0 
and when a; = Z, is 


e = 


Ki 

Kl 


(cosh K-^ 


K I 

tanh sinh K.a 
2 ^ 


• (3) 


(1) THE THERMAL CONDITIONS PREVAILING IN 
THE HOT WIRE 

(a) Boundary Conditions and Approximations 

The following assumptions are necessary to enable the 
temperature distribution to be calculated:— 

(i) Owing to the. relatively large mass of metal to 
which the wire is attached at each end and the large 
cooling area which this presents, it is assumed that the 
temperature at each end of the wire is that of the sur¬ 
rounding air, i.e. at both x = 0 and x — I, 9— 0. 

(ii) It is assumed that the thermal conductivity of 
the material of the hot wire is independent of the 
temperature. This assumption is convenient from the 
point of view of the simplification of the mathematics 
and is justifiable on the grounds that the variation of 
the thermal conductivity with temperature seems never 
to have been ascertained, and that in most practical 
cases the maximum temperature of the wire is only 
slightly dependent on the thermal conductivity of the 
material. 

(iii) As is pointed out in the next paragraph, a some¬ 
what similar approximation has to be made with respect 
to the coef&cient (7i) which gives the rate of dissipation of 
energy from the surface of the wire. 


The maximum value of 9 occurs when x = 112, and is 
given by 


e _5i('l_sechS 


The mean value of 9 is given by 

e = ? jedx = ^(i - 

and the ratio 6^az/9 is given by 
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2 , Kd 

— tanh ^ 
K^l 2 


9max 
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sech ^ 
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2 . 
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(5) 


( 6 ) 
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Fig. 1 


(b) Calculation of Temperature Distribution 

Considering a length Sa; of the hot wire at distance x 
from the left-hand end (see Fig. 1), the temperature-rise 
above the surroundings being 0; the rate of generation 
of heat in the element will be 

llp(l + 

The rate of dissipation from the surface will be 


Zi(l J39)s . Sx . 9 

The rate of conduction of heat away from the element is 

- 


When is much larger than unity, equation (6) 


becomes 


max 

9 




It is interesting to note that if Pq = I i.e. 
Pjj = watts expended in wire at air temperature when 
current in it is Iq, then 


2 hlS — aP^ 
^ kAI 




kAI 


( 8 ) 


For steady conditions, therefore, 

AhS - llpa . __ ^ 
dx^ kA kA^ kA^ 


This equation is not easily integrated unless the term 
in 02 can be rendered negligible by taking a mean value 
of h, so assuming jS to be zero. In that case the equation 
becomes 


dx^ 




Kl 


where 

and 


k\ 

kI 


AhS - llpa 
kA^ 

jVi 

kA^ 


( 2 ) 


kI Pq 
k\ his - oPq 


(9) 


(c) The Constants p and a 

The values of the constants p and a of equations (3) 
to (7) are easily determinable for any given sample of 
wire. With the platinum-silver alloy used in these 
ammeters, the value of p varies considerably from 
sample to sample and careful resistance measurements 
are necessary in all cases. The value of a has only 
been found accurately for one sample of wire. For this 
sample the value of p at 20° C. was 32*0 X 10~® ohm 
per cm per cm^, and the value of a for the range 20° C. 
to 160° C. was 2 -53 X 10“^ per degree C. Wire from 



AMMETERS FOR FREQUENCIES OF 25 TO 100 MEGACYCLES 


181 



Fig. 2 


this reel has been used in several ammeters in which 
the current per wire is 1 ampere. 

(d) The Constant h 

The constant h presents difficulties, and certainly 
varies considerably with the wire diameter. Fishenden 
and Saunders* have collected together most of the avail¬ 
able information with respect to the cooling of wires in 
any atmosphere and under conditions of natural con¬ 
vection. They have plotted a curve (Fig. 17, page 97 
of their book) giving the logarithm of a quantity 
{agG^llc^)(^d in terms of the logarithm of Hd}{9h), 
where a denotes the coefficient of expansion of the gas, 
g denotes the acceleration due to gravity, c denotes the 
specific heat at constant pressure of the gas, h denotes 
the thermal conductivity of the gas, d denotes the 
diameter of the wire, 6 denotes the temperature-differ¬ 
ence between the surface of the wire and the surrounding 
gas, and H denotes the total heat-transfer per unit area 
of the wire, per unit time. 

The relevant part of this curve is reproduced in Fig. 2 
of this paper, f The physical constants vary with tem¬ 
perature, and in this curve they are given the values 
corresponding to temperatures midway between those 
of the wire and of the surrounding air; the latter being 
taken as 66° F. (18° C.). Values of h and of agc^jlc^ 
are also given in the book (page 256). The values of 
h (in watts per cm^ for a temperature gradient of 
1 deg. C. per cm length) and of log {agc^jlc^) (in similar 
units) are given in Fig. 3. In these curves the correc¬ 
tions arising from the fact that the constants must have 

* “ The Calculation of Heat Transmission ” (H.M. Stationery Office, 1932). 
t By permission of the Controller, H.M. Stationery Office. 


values corresponding to the mean of the air and wire 
temperatures have been made, and both curves are 
plotted in terms of the actual temperature of the 
wire; the surrounding air being assumed to be at a 
temperature of 18° C. 



Thus for any rise of temperature 6 deg. C. above the 
surrounding air, the value of log^g (agc^k^) is found from 

/ CLOC^ \ 

Fig. 3, and log^Q ) follows for any given 


size of wire and for any given temperature-rise. Fig, 2 
gives the corresponding value of logj^^ (Hd/kO); Fig. 3 
gives the value of ]c, and so H/d is obtained. The value 




182 


FORTESCUE: THE THEORY AND DESIGN OF HOT-WIRE 


of h, in watts per cm^ per deg. C. temperature-rise, can 
then be calculated. 

Detailed calculations for the case oi d — 0-01588 are 
given in Table 1. 

Table 1 


e 

logxo(^V0) 

-•(f) 

m 

k6 

k 

d 

h 

deg. C. 
50 

- 1-82 

- 0-179 

0-66 

0-0166 

0-0104 

100 

- 1-62 

- 0-160 

0-69 

0-0165 

0-0114 

160 

- 1-54 

- 0-153 

0-70 

0-0176 

0-0124 

200 

~ 1-62 

- 0-161 

0-71 

0-0185 

0-0131 

250 

■ ~ 1-51 

- 0-150 

0-71 

0-0194 

0-0137 

300 

- 1-62 

- 0-161 

0-71 

0-0203 

0-0143 

360 

- 1-66 

- 0-155 

0-70 

0-0209 

0-0146 


Plotting h in terms of 6 enables an estimate to be 
formed of the approximate mean value which may be 



assumed for purposes of calculation. For a maximum 
temperature-rise in the neighbourhood of 250° C. an 
approximate value for this size of wire would appear to 


Table 2 


Diameter of wire 


cm 

watts/cm2.deg. C. 

0-01688 

1-2 X 10-2 

0-01360 

1-3 X 10-2 

0-00998 

1-6 X 10-2 

0-00787 

2-0 X 10-2 

0-00647 

2-4 X 10-2 


he h= 1-2 X 10-2. xhe curves of h in terms of 9 for 
five sizes of wire are shown in Fig. 4. From these the 
mean values given in Table 2 are estimated on the 
assumption that the maximum temperature is in the 
neighbourhood of 260° C. 

It is convenient to plot these values of h in terms of d, 
as in Fig. 5, since wires of intermediate sizes are used 
in some cases. 


(e) The Constant k 

The International Critical Tables give /c = 0 • 30 watt 
per cm per deg. C. for a platinum-silver alloy containing 
33 per cent platinum. Considerations of Lorenz’s law 
that the product of the electrical resistivity and the 
thermal conductivity is constant, suggest that k increases 
with the temperature. 

For platinum, k = 0-695 (1 -1- 0-00050) and p — 11-4 
X 10-® {1 + 0-00380). For 33 per cent Pt-Ag alloy, 
p = 31-6 X 10-6 (1 _|_ 0-000250). Thus, assuming 
Lorenz’s law to be applicable, it would appear that, 
for a 33 per cent Pt-Ag alloy, 

0-695 X ll-4r(l -b 0-000 50) (1 H- 0-00380) " 
31-6 L 1 + 0-000250 
= 0-25(1 + 0-0040) , 
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Fig. 5 


For a value of 0 of about 260 deg. C., the mean value 
of K would appear to be 0-376. A similar calculation 
based on the known values of k and p for silver gives, 
for a Pt-Ag alloy having 33 per cent Pt, the value 

K = 0-216 (1 + 0-0040) 

and if 0 = 250 deg. C. the appropriate mean value of k 
is 0-32, A reasonable mean value to be ascribed to /< 
would thus appear to be 0 ■ 36. 

(f) Comparison of Calculated and Observed 
Temperatures 

In view of the uncertainty with regard to the specific 
constants of the material of the wires and to doubts in 
some cases with regard to the true diameters, it is no 
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Table 3 


Serial No. of instrument 

6 

10 

1 

11 

12 

14 

Number of hot wires 

1 

4 

4 

1 

4 

Length of wires (cm) 

10-2 

8-1 

7-64 

10-2 

2-52 

Diameter of wires (cm) 

0-0061* 

0-007871 

0-0145;!; 

0-0102* 

0-01588i- 

Specific resistance (ohm/cm/cm^) 

32-6 X lO-^ 

35-5 X 10-6 

26-1 X 10-6 

30-4 X 10-6 

32-4 X 10-6 

Full-load current (amps.) 

0-25 

2-00 

4-00 

0-60 

4-00 

Calculated mean temperature - rise 
(deg. C.) . 

146 

380 

274 

200 

190 

Observed mean temperature - rise 
(deg. C.), assuming a = 2-63 X 10“^ 

153 

348 

250 

189 

207 


* Reputed. f Probable. t Measured. 


to be expected that a very exact agreement between 
calculated and measured temperatures will be found. 

The only actual measurement of temperature that can 
be conveniently made is that based on the increase of 
resistance, and this involves a knowledge of the tem¬ 
perature coefficient of the particular wire on which the 
observations are made. The wires actually used have 
come from various sources, and the value of the tem¬ 
perature coefficient may vary appreciably. The value 
’i given in Section (1) (c), namely 2*63 x 10-^, is rather 
less than that given in the International Critical Tables, 


Table 4 


Ammeter Serial No. 

6 

10 

11 

12 

14 

Maximum temperature- 






rise (deg. C.) .. 

168 

368 

274 

200 

280 


namely 2-6 x 10-'^, and the mean temperatures deter¬ 
mined in this way may possibly be in error to a similar 
extent. The mean temperature calculated from equa¬ 
tion (5) with the values of the constants derived above, 
and the mean temperature determined by the observed 
increase of resistance and calculated on the assumption 
that a = 2-53x 10“^, are given in Table 3, for five 
instruments of very different designs. 

These results agree on the whole more closely than 
would have been expected, and certainly justify the use 
of equation (7) for determining in any particular case 
the ratio of the maximum temperature to the mean 
temperature. Assuming the mean temperature derived 
from the increase of resistance to be substantially correct 
for the five instruments to which reference is made in 
Table 3, the corresponding actual maximum tempera¬ 
tures can be found and are given in Table 4. 

The high temperature-rise of ammeter No. 10 is 
remarkable. The instrument has been in use for some 


years and has recently been submitted to a full-load test 
of 138 hours’ continuous running. A slight change of 
constitution of the alloy evidently occurred, since the 
resistance decreased by about 1 • 4 per cent and the 
calibration required correction to this extent. In all 
other respects the instrument was satisfactory. 

(^) Conclusions with regard to Temperature of 
Hot Wires 

The most important consideration is obviously that 
of the maximum temperature. With most of the earlier 
instruments the ratio of length to diameter of the wire 
is such that the maximum temperature differs but little 
from the mean. But in the later designs in which the 
impedance has been reduced as far as possible, this is by 
no means the case, and careful calculation and com¬ 
parison with existing instruments is necessary in order 
to reach a reliable conclusion as to whether any par¬ 
ticular wire can safely carry any particular current. 
Though the absolute accuracy of the calculated tem¬ 
perature-rise is very doubtful, the relative accuracy is 
certainly high enough for design purposes. A calcu¬ 
lated maximum temperature-rise of about 260 deg. C. 
appears to be a satisfactory guide and provides for a 
reasonable overload capacity. 

(2) MECHANICAL MAGNIFYING SYSTEM 

(a) Coefficient of Linear Expansion of Platinum- 

Silver Wires 

The generally-accepted figure for the coefficient of 
linear expansion of 33 per cent platinum alloy is 
16 X 10-®. Thus for a length I and a mean tempera¬ 
ture-rise 6, the extension of the wire will be given by 

SZ = 16 X 10-6^0 

The calculated and observed extensions for four of the 
five instruments referred to in Table 3 are thus as shown 
in Table 5. 
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The measured extensions are obtained by means of a 
measuring microscope, but it is difficult to get a high 
degree of accuracy. The agreement is, however, reason¬ 
ably good. 


Table 5 


Ammeter Serial No. 

6 

10 

11 

14. 

Estimated extension 
(cm)* 

0-023 

0-042 

0-029 

0-0078 

Measured extension 
(cm) 

0-021 

0-05 

0-03 

0-008 

(mean) 


♦ Based on the mean temperatvire-rise derived from actual resistance 


measurement. 

(b) Torque on Spindle carrying Pointer 

The pointer is operated by a silk fibre passing round 
a small pulley on a spindle and kept taut by a light 


does not increase the accuracy, and in the later design 
an angular displacement of 60°—giving a scale length 
of 7 cm—^has been considered adequate. ^ 

In instruments in which a displacement of 90° has 
been provided and hi which pulley diameters of 0 • 5 cm 
have been used, the actual movement is about 0-4 cm. 
With a pulley diameter of 0 ■ 3 cm the actual movement 
for an angle of 60° is, however, only 0-16 cm. 

The most convenient compromise is determined by 
the safe working tensions and the space available for 
the magnifying system. If the tensions in any part o 
the system are too high, evidences of slow extension 
show themselves by the fact that, when not in use, the 
pointer slowly moves from zero over the scale. This 
extension seems usually to occur in the attachment of 
the wires and silk fibres rather than in the wires and 
fibres themselves, though these are fairly heavily stressed. 
A satisfactory compromise can only be found by a 
process of trial and observation, in which the quality 
of the workmanship plays a predominating part. A 
tension of 2 000 dynes, a pulley diameter of 0-4 cm, and 
an actual lateral movement of the silk thread of 0 • 3 cm, 



spring. The maximum tension in the silk thread thus 
occurs at the zero reading, and this maximum tension 
multiphed by the radius of the pulley gives the maximum 
balanced torque on the moving system. This torque 
corresponds to the full-scale deflecting and restormg 
torques in other types of instruments. 

Tensions in the silk fibre of from 760 to 4 000 dynes 
and pulley diameters of from 0-3 to 0'5 cm have been 
used. The torques on the moving system have therefore 
varied from about 260 to 2 000 d 3 me-cm, and are thus 
of the same order as those found in ordinary commercial 
pointer instruments. 

(c) Actual Displacement of Point of Attachment of 

Silk Thread 

The movement of the silk thread from no load to full 
load is determined by the angle through which the 
pointer is to be turned and by the diameter of the 
pulley on the spindle. With scales of about 16 cm 
diameter a movement of the pointer through about 90° 
has generally been provided. Actually 60° would be 
ample for the degree of accuracy to be expected at a 
frequency of 60 megacycles. Increase of scale length 


are reasonable figures as a preliminary guide to the 
designing of the magnifying system. 

(d) Types of Magnifying Systems 

The only magnifying systems used have been develop¬ 
ments of the original Hartmann-Braun sagging-wire 
system, adapted to use the extension of two or four of 
the hot wires in the multiple-wire instruments. 

One system using flexible end-covers to the screening 
tubes, which were themselves expected to contribute a 
magnification of about 1-6, is shown in Fig. 6. This 
makes use of the extension of two of the hot wires and 
is a symmetrical system. It has been used on several 
4-wire ammeters. The wire extension on full load is 
0*03 cm, and the movement of the silk thread over the 
pulley is 0-4 cm, the value of the magnification derived 
from the extension of two wires being about 13. 

The system used in the low-impedance ammeter No. 14 
is that shown in Fig. 7. Here the extension of all four 
wires is used, but the rather doubtful multiplication 
obtained from the end covers of the screening tubes in 
the arrangement of Fig. 6 has been abandoned in order 
to reduce to a minimum the inductance of the circuit 
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between the ends of the wires and the screening tubes. 
With this system the wire extension on full load is 
0-008 cm and the movement of the silk fibre over the 
pulley about 0 • 2 cm, giving a magnification of 25 derived 
from the extension of all four wires. 

Fig. 8 shows a compact arrangement for use with an 
ammeter in which the overall dimensions have been 
reduced to a minimum. 

(e) Calculation of Sag 

Consider one of the sagging-wire systems shown in 
Fig. 9, in which » denotes the initial spacing of the ends 
of the wire, hxj2 denotes the inward movement of each 
end, §5 denotes the increase of sag as the pointer moves 
to the load position, and and SgZ respectively denote 


whence 




4s2 


1 


r2s 1 pJA~ 

_ _ 

2 

Lz 2 E _ 



. (13) 


When the pointer is moved to the load position the 
corresponding equations are 


s 4- §5 

+ Sji) “ ■*’2 • • ■ ■ 

82*= .(12o) 




the elastic extensions of the wire in the zero positior 
and the load position of the pointer. The remainder o; 
the symbols employed in the analysis which follows art 
given in the List of Symbols (see page 179). 

For the initial position of the pointer. 




I + 8^1 


(lo: 


2T. 


mi -f SiO 

1 AE 


Pi 


■ ( 11 ) 
• ( 12 ) 


whence 


{x — Sa;)^ = 4(s -|- Ss)^ 


1 

— 1 

2 

r2(s-|-8s) Ip^fA-^ 

L 1 2 E _ 



(13a) 


These equations must be applied successively from 
one end to the other of the system, the change of sag 
of one system giving the of the next one when due 
allowance is made for whether both ends of the sagging 
wire move or only one of them. 

Full allowance is made for the elastic extension of the 
sagging wire in equations (13) and (13a), though actually 
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this is often negligibly small. When this is the case 
these equations become;— 

3,2 ^ ^2 _ 4s2.(14) 

{x — = P' — 4(s -)- • • • (14^*) 

For those cases in which both 4:S^JP and 4(5 + hs)^lP 
are small compared with unity, equations (14) and (14a) 
give 

(15) 


8a; = ^(2s + 85) 

X 


and if, further, 8s is much smaller than 5 , 


8a; = -85 

X 


(16) 


It should be noted that this last approximation is not 
usually permissible. It is, however, useful in that it 
gives the magnification in the zero position for an 
infinitely small displacement, namely 

dx 4s 
ds X 


(17) 



(f) The Stress Limitation 

The tension in the last stage of the magnifying system 
is equal to the tension in the fibre passing round the 
pulley on the spiadle carrying the pointer multiplied by 
the magnification for infinitely small displacements from 
the zero position, as given by equation (17). The tension 
in the fibre cannot be indefinitely reduced, and the 
tension m the last stage cannot be indefinitely increased. 
There is thus a limit to the magnification quite irre¬ 
spective either of the number of stages employed or of 
the quality of the zero-keeping considered desirable. 

The tension in the last stage of magnification—or a 
multiple of it with the arrangement of Fig. 6—is applied 
directly to the hot wire and is in addition to the tension 
applied by the flexible end-cover of the tube. The two 
together must not give rise to a stress in the hot wire 
exceediag the limits stated on page 192. Since the 
moving systems are substantially the same in all the 
instruments, it follows that the stress limitation is most 
severely felt where the finest wires are used. The 
natural period of the pointer system must usually be 
longer in the low-current instruments for this reason. 
In the later designs embodying fine wires, a general 
lightening of the moving system has been attempted. 

(g) Examination of a Magnifying System as 
actually Constructed 

The dimensions of the magnifying system of the 
4-ampere, 4-wire ammeter No. 11 are given in Fig. 6. 
The extensions of two wires are used, and the movement 


of the silk fibre over the pulley from zero to full load 
is 0-42 cm- the pull of the tensioning spring varying 
from 1 080 to 490 dynes. Preliminary calculation shows 
that in this system the elastic extensions are negligflile. 

For the first magnification (the "across” wires) 
a; 4-1, 5 = 0-21, and = 1 080; whence I = (4-1 
4 - 0-0214) and Tj = 5 300 dynes. At full load, s -1- 8s 
= 0-63, whence 8a; = 0-172 and Tg = dynes. 

For the second magnification (the longitudinal wires) 
a; = 10-2 5 = 0-81, and = 5 300; whence I = (10-2 
+ 0-129)' and T, = 16 800 dynes. At full deflection, 

Is for each wire is one-half of the Sx calculated lor the 
first magnification, namely 0-086 cm. The correspmid- 
ing 8a; for each of the longitudinal wires is then 0 - O^b cm. 

There is an apparent magnification hi the end coveis 
of the tubes amounting to about 1 • 5, and the calculated 
extension of the hot wires to give the necessary full-scale 
deflection would thus be 0-017 as compared with the 
value 0-03 calculated from the mean temperature of the 
hot wire (see Table 5). The discrepancy is larger than 
would be expected and is certainly due to the fact that the 
end covers are distorted by the bending moment arising 
from the tension of the hot wire and the magnifying 
wire of the last stage. This bending moment is appre¬ 
ciably less in the position of full-scale deflection, and 
the straightening-out under the reduced load compen¬ 
sates to some extent for the extension of the hot wiie. 
Calculations for other instruments having end covers to 
the tubes of the same shape show that this effect is 
common to all of them. This arrangement has not been 
used in the later design, partly for this reason and partly 
because supporting the cover from both sides as in Fig. 7 
ensures a better centring of the hot wire in the tube 
and reduces the inductance of the end covers to a 
minimum. 

The sagging wires are of phosphor bronze, and the 
diameter is 0-0036 cm for the first stage and 0-0071 cm 
for the second stage. The stresses are about 9 X 10® 
and 4-6 X 10® dynes per cm® in the " across ” and longi¬ 
tudinal wires respectively. 

The load carried by each hot wire will be a,bout 25 000 
dynes. The cross-sectional area is 1 • 65 X 10~^cm®, and 
the stress in the wire is thus about 1-5 X 10® dynes 
per cm®, which is a very safe value. 

It will be noticed that the arrangement of the magni¬ 
fying system in this case is not ideal in that the " cicross ” 
wire is shorter than the longitudinal wires, and yet the 
mid-point of the former moves through the greater 
distance from the no-load to the full-load position. If, 
however, the hot wires and their screening tubes are 
near together this arrangement is unavoidable. More¬ 
over, the magnification for very small movements' is 
much larger near the zero position than it is at the 
full deflection, a fact having an influence on the scale 
of the instrument since the decreasing amplification 
compensates to some extent for the intrinsic square law 
of the hot-wire principle. 

(h) Effect of Temperature-change on Magnifying 

System 

The change of temperature due to the energy expended 
in the instrument is very small (except in the hot wires), 
and temperature errors arise more from lack of zero- 
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keeping when exposed to changing air temperature than 
from any difficulty in dissipating the watts lost in the 
hot wires. Should a rapid change of air temperature 
occur the frame of the instrument and the magnifying 
wires may differ in temperature temporarily. 

From equation (16), 

ds = — dx 
4:5 

If the change, d,x, arises from a difference of temperature, 
then dx varies proportionally to x and may be expressed 
as lex, where h is some very small fraction, being the 
difference between the coefficients of linear expansion 


ever, be carried too far, since the initial sag must bear 
some reasonable relation to the change of sag required. 
Moreover, it is not practicable to attempt to give a very 
accurate small sag to a very short wire, and, if it is 
attempted, the effects of minute slipping at the joints of 
the wires become excessive. 

(3) CORRECTION DUE TO CHANGE OF RESIS¬ 
TANCE OF HOT WIRES WITH INCREASE OF 
FREQUENCY 

(a) Method of Calculating Correction 

This was given in the earlier paper,'’' and involves only 
well-known principles. In working out the frequency 



Fig. 10.—High-frequency resistance of cylindrical conductors. 


of the materials of the wire and the base respectively, 
multiplied by the difference of their temperatures. The 
expression for ds thus becomes 

^ 

~ 4 ‘ s 

With systems having constant magnification at the 
zero position but having varying lengths of wire, x\s is 
constant. With such systems, therefore, the sag due to 
difference of temperature will be proportional to x. 

In order to avoid errors due to change of temperature 
it is thus desirable to use short magnifying wires adjusted 
to the appropriate initial sag, as determined by con¬ 
siderations of the tensions. This process cannot, how- 


correction the term involved is and it is 

convenient to plot this quantity directly in terms of 
dViflp) in Fig. 10; p here being in microhms per cm 
per cm^. Some difficulty has been experienced in 
obtaining satisfactory values for d-\/{flp), owing to un¬ 
certainty with respect to the exact diameter of the wire, 
but if the value of p is obtained from the measured d.c. 
resistance, R^, of a sample of wire of length and 
diameter d, the exact measurement of d is unimportant. 
This follows because 

T, 7T 

p - ' ~A ’ T~ ■ 


* Loc. cit. 
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and so 

‘'VW - V(51^) 

and is thus independent of d. 

The resistances of the inner surfaces of the screening 
tubes have not been comparable with the resistances 
of the wires in any instruments yet made. 


(b) Equal Distribution of Current in Multi-wire 

Instruments 

Any lack of equality in the impedance of individual 
wires of an instrument would cause the current to have 
a distribution at high frequency different from the 
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Fi6. 11.— Graph representing comparison of instruments 
Nos. 3 and 5. 


diameter 0-014 cm; whereas ammeter No. 5 had four 
wires each 10-2 cm long and of reputed diameter 
0 • 0076 cm The correction factors for these two instru¬ 
ments are given in Fig. 12, and it will be observed that 
they difier widely. The technique followed m carrying 
out these comparisons has been described elsewhere.* 


(c) Effect of Imperfect Wave-form 

The ratios calculated from the ber and bei 

series relate to sinusoidal currents. The results aie, 
however, also applicable to currents of imperfect wave¬ 
form, because for any superimposed harmonic systems 
of currents the total losses will be the sum of the losses 
due to the two systems separately. 

Suppose the current to be 

i = i[ sin cot -|- % sin nojt 

The r.m.s. values of the fundamental and harmonic are 
Jj = i{l^2 and respectively, and the true 

r.m.s. value of the current i is I — Vi^i +-^ra)- 
alternating-current resistance may be expressed as 
^ = r^Ba.c. for the fundamental and Ba.c. = ^J^d.c. 



Fig. 12.—Correction factors for instruments Nos. 3 and 6. 


distribution with the calibrating direct current. Equality 
of distribution under both conditions is ensured by 
measuring the length, diameter, and resistance, of each 
individual wire before it is inserted in the instrument; 
and then measuring the resistance between terminals as 
each wire is put in. If the resistances are equal before 
mounting, and if the resistance between the terminals 
falls by the correct fraction as each wire is put in, it 
follows that the calibrating direct current will be equally 
distributed. If the length and diameter of the wires 
are the same for all, the inductance will be the same, 
and this alone is sufficient to ensure that the high- 
frequency current will be equally divided between the 
wires, quite irrespective of any small discrepancies in the 
high-frequency resistance. It seems unlikely, therefore, 
that any error can arise from this source. Moreover, 
careful comparisons of ammeters designed for the same 
full-load current but having different numbers of wires 
and wires of different diameters, have shown agreement 
within the limits of accuracy with which they can be 
compared. 

' Fig. 11 relates to an early comparison of two instru¬ 
ments, Nos. 3 and 6, each designed for a maximum 
current of 2-0 amperes. Ammeter No. 3 then had two 
hot wires in parallel, each 7*66 cm long and of reputed 


for the harmonic; where r-^ and can be found fiom 
Fig. 10 for any particular case. 

The actual losses in the hot wire will be given by 

Thus, if Id.c. is the calibrating current which gives 
rise to the same increase of temperature, 

+ .... (18) 

Now let iQ = i'o sin cot be the sinusoidal current of only 
the fundamental frequency which causes the same tem¬ 
perature-rise. Then the r.m.s. value is = Iq, Q-^^d 

..... ( 10 ) 

This value of Iq is the value which would be derived 
from the indication of the instrument and the correction 
factor for only the fundamental frequency. 

The true r.m.s. current is -f- -In)> Vhe ratio 
H- I^) gives a measure of the inaccuracy intro¬ 
duced by neglecting the added loss due to the presence 
of the harmonic. From equations (18) and (19), however. 


♦ Journal of Scientific Instruments, 1931, vol. 8, p. 94. 
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v(/f + 4 ) 

= / pi + . /r 1+ 

V L if + '4 J V L 1 + - 

is small, this ratio becomes 

and the second term in this equation is a measure of 
the error involved in neglecting the presence of the 
harmonic. 

For example, suppose that in a particular case the 
value of d-\/{ffp) for the fundamental frequency is O’02. 
The value of derived from the curve of Fig. 10 is 
1/(0’888)^ = 1*294. For the second harmonic the cor¬ 
responding value of cZV(//p) is 0-0283, and the value 
of is 1/(0-775)2. Thus (rjr) - 1 = 0-29, For a 
second harmonic of amplitude 20 per cent that of the 
fundamental, the value of (I„/i].)2 is 0*04 and the per¬ 
centage error arising from the neglect of this harmonic 
is 0-29 X 0-04 X 100 = 1-2. 

Thus, so far as change in resistance is concerned, the 
error due to the presence of harmonics is generally not 
serious. The only conditions when errors of large 
magnitude are to be expected are when there are large 
harmonics of high multiple frequency. For fundamental 
frequencies of from 26 to 75 megacycles, such harmonics 
may possibly exist in some cases, but probably not often. 
Second harmonics undoubtedly occur frequently, but, 
as shown above, serious errors are not involved unless 
the magnitude of the harmonics exceeds 20 or 25 per cent 
of the fundamental; a state rarely found in practice. 

(d) Variation of Correction Factor with Current 

Amplitude 

As shown in Section (3) (a), the value of Vi^d.c.l^a.o.) 
is dependent upon the measured resistance which 
may vary by as much as 6 per cent from full current to 
zero current. The maximum change in Vi^d.c.fRa.c) 
consequent upon this may be estimated from the 
maximum slope of the curve of Fig. 10, and is about 
4 per cent. These ammeters are not often used at less 
than half full-load current, and the correction factors 
have usually been calculated and recorded on the instru¬ 
ments for full-load conditions, For the highest accuracy, 
allowance must be made for the change of resistance 
by calculating correction factors for full load, three- 
quarters full-load and half full-load, and using which¬ 
ever is appropriate to the particular circumstances. 

(e) The Inductive Shunt 

The impedance of these instruments is inductive, and 
the power factor is low. If, therefore, they are shunted 
by a circuit of a similar quality, the division of the 
high-frequency current between the hot wire and the 
shunt is determined by the relative inductances and is 
substantially independent of frequency. For example, 
a 1-ampere, single-wire instrument may have an induc¬ 
tance of about 0 -05 p,H, depending upon the length of 


wire used. To convert this to a 10-ampere instrument, 
a shunt of inductance about 0 - 0056 |U.H would be neces¬ 
sary. A solid copper rod 6 mm in diameter and about 
4 cm lon^, mounted in a coaxial cylinder of 1-cm bore, 
has approximately this inductance and could be used 
in this way to extend the range of the original instrument. 

It appears at first sight that the correction factors 
of instruments of this type could be calculated as 
accurately as those of the ordinary single- or multi-wire 
instruments, and that if they could be calibrated with 
direct current with the inductive shunt disconnected, an 
exact multiplier could be obtained which would enable 
the r.m.s. value of the alternating currents to be found 
when the shunt is in use. If this were possible, the 
shunted instruments would constitute ■ as accurate a 
transfer from direct current. to alternating current as 
the single- or multiple-wire instruments. Unfortunately 
a difficulty arises owing to the inductance of the high- 
tension terminal itself. The distribution of current over 
the terminal cannot be known exactly, and this intro¬ 
duces the possibility of errors amounting to several per 
cent. Nevertheless, one instrument has been constructed 
with a hot wire carrying 0 - 33 ampere and a shunt carry¬ 
ing 3-66 amperes. This is arranged so that the shunt 
can be disconnected and a direct-current calibration of 
the hot wire taken. The dimensions are such that there 
is a multiplier of 12 in virtue of the shunt; to which 
must also be applied the frequency correction for change 
of resistance of the hot wire. The effect of the terminal 
capacitance is negligible. Careful comparisons of this 
instrument with a 4-wire 4-ampere instrument have not 
yet been possible.* 

(4) CALCULATION OF COMPLETE CORRECTION 
FACTOR AND OF IMPEDANCE OF INSTRU¬ 
MENTS 

(a) Complete Correction Factor 

This is also given in full in the earlier paper, f The 
approximations leading to equations (8) and (9) of that 
paper have always been found to be satisfied. The cor¬ 
rection due to the terminal capacitance is in general 
negligible for frequencies below 50 megacycles. 

(b) Effect of Inductance of End Covers of 
Screening Tubes 

In the previous calculations it-was assumed that the 
hot wire was short-circuited to the screening tube at its 
farther end. This assumption is not quite justified, 
since the flexible end-cover always has a small induc¬ 
tance. The value of this is difficult to measure, and can 
only be approximately calculated by making somewhat 
arbitrary assumptions with respect to the magnetic field 
associated with the current in the end covers. For 
example, one arrangement of the fiexible cover is as 
shown in Fig. 13. 

A rough estimate gives L — 10-^ henry. The induc¬ 
tance of the hot wire is, in this case, about 17 X 10-^ 
henry. The effect of the inductance of the end covers 
is thus to increase slightly (in this case by about 1 in 17) 
the current flowing in the terminal capacitance. This 

* Later experiments have shown that the terminal inductance introduces an 
error of about 6 per cent. f Loc, cit. 
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latter is almost negligible in all cases, and 

effort is made to keep the inductance of ““ 

as low as possible, no serious attempt has been made to 

measure or calculate it exactly. 

(c) The Scales of the Instruments 
It was proposed in the earlier paper to 
these ammeters scales embodymg the freq.ue y 


design op hot-wire 



-i?=2-0cm-n 

Fig. 13 

rections directly, and this was actually done in the first 
instance (as shown in Fig. 3 of that paper) Subse- 
ouently, however, it was found more convenient to giv 
the direct-current calibration on the scale m the ordmary 
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way, and to make use of a small graph mounted adjacent 
to the scale and giving the correction factor in terms of 
the frequency. This has the advantage that the instru¬ 
ment can be calibrated by the makers in the ordinary 
way and the curve of the correction factors can be 


system, rendering them symmetrical, and including 
everything but the high-tension terminal within the 
case of the instrument. In the latest designs this 
process has been carried to the extreme limit and even 
the high-tension terminals are enclosed, connections to 



Fig. 16 


prepared independently when full-information is avail¬ 
able with respect to the mechanical and electrical details. 
Fig. 14 shows the scale and the curve of correction factors 
for a particular instrument. 

(5) MECHANICAL DETAILS OF CONSTRUCTION 

(a) Improvements on Original Design 

The general tendency has been in the direction of 
shortening both the hot wires and the magnifying 


them being made by means of terminals inserted through 
small doors at the side. 

Fig. 16 shows the general arrangement of one form 
of multi-wire instrument, the hot wires being 7 • 6 cm 
long. Fig. 16 shows the arrangement of a more compact 
3-wire 3-ampere ammeter in which the hot wires are 
5 ■ 0 cm long. Both of them are arranged—^purely as a 
matter of convenience—to use the standard moving 
system, base, and cover, of a well-lmown make of hot¬ 
wire ammeter. 
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(b) Mounting the Hot Wires 

Experience has shown that it is not satisfactory to 
use ordinary solder with the platinum-silver alloy, an 
the joints are now made by brazing the wire into sma 
brass nipples with a silver-alloy brazing material. The 
nipples may be threaded and held in position in the 
ammeters by nuts at each end, or they may be so 
soldered, care being taken that the solder does not come 
into contact with the platinum-silver wire. The arrange- 

Pt-Ag Wire T Brass nipples 

- 

Fig. 17 

ment of a wire with two nipples and nuts and of a wire 
with a nipple for soldering are shown in Fig. 17. The 
brazing presented great difhculties owing to the tendency 
to melt the fine wire and on account of the necessity 
of having the wires accurately of the required length. 
The process finally adopted was to drill a fine hole 
throughout the length of each nipple and to arrange 
both wire and nipple in such a way that after the nipple 
and brazing material have been sufficiently heated in a 
fine gas flame, the latter is removed and, simultaneously, 
the wire advanced the required distance into the nipple. 
This device protects the wire, and, by the use of appro¬ 
priate adjustable stops on the mechanism advancing the 
wire, a high degree of equality in the lengths of the wires 
is obtainable. 

(c) Mechanical Properties of Platinum-Silver 

Wires 

Platinum-silver alloy does not appear to be exten¬ 
sively used, and there is little exact information available 
with regard to it. It can be drawn fairly accurately to 
reputed size, as shown by the measurements given in 
Table 6. 


Table 6 


Reputed diameter 

Mean observed diameter 
of several samples 

cm 

cm 

0-01622 

0-01688 

0-01395 

0-01360 

0-01016 

0-00998 

0-00762 

0-00787 

0-00633 

0-00647 


The wire is suppHed by the manufacturers in a hard- 
drawn state, and its ultimate breaking strength in this 
state is given in the International Critical Tables as 
SO X 10® dynes per cm^. Tests of pieces of wire of 
about 2 • 5 cm length, brazed into nipples by the pro¬ 
cedure described above, gave the following mean results; 
Measured diameter 0-00787 cm, ultimate strength 
62 X 10® dynes percm^; measured diameter 0-01588cm, 
ultimate strength 54 X 10®. dynes per cm®. The 
fractures were near the nipples in all cases. 


Samples of the wire were also tested with gradually- 
applied loads, the extension being observed by means of 
measuring microscopes at each end. This arrangement 
was used to obviate any possibility of error due to 
slipping at the point of attachment. For loads up to 
the ultimate breaking strength there is no observable 
elastic limit, or any point at which noticeable plastic 
extension occurs. For loads up to 60 per cent of the 
elastic limit the extension/load curves repeat exactly 
within the limits of accuracy of the readings on the 
eyepiece scales of the microscope. The value of Young’s 
modulus given by these tests is about 0-9 X 10^® dynes 
per cm®. 

No fatigue tests have been possible, and there is thus 
no information available as to the behaviour of the 
material in this respect. The conditions prevailing in 
the ammeters do not vary very rapidly except when the 
instruments are being moved and the pointer system set 
swinging to and fro about the zero position. 

As far as can be judged from the observed properties 
of the material, a stress of 10 X 10® dynes per cm® is 


Table 7 


Reputed diameter 

Actual diameter 

Safe load at zero reading 

in. 

cm 

dynes 

0-0064 

0-01688 

198 000 

0-0056 

0-01360 

145 000 

0-0040 

0-00998 

78 000 

0-0030 

0-00787 

48 000 

0-0026 

0-00647 

33 000 


thus a safe value, and if necessary this figure could be 
increased to 20 X 10® without probability of failure. 
Taking the lower value of 10 X 10® dynes per cm®. 
Table 7 gives the loads which could be carried by the five 
wires of Table 6. 

(d) Flexible End-covers 

These are of phosphor bronze, the breadth and thick¬ 
ness of those shaped as shown in Fig. 16 being calculated 
from the expression 

Deflection, in cm 

Tc - 8Dd(D - d)® “1 

“ leibi® L 2D-d 

where Tc is the tension in the wire to be exerted by the 
end cover, B is Young’s modulus, and h, t, D, and d, are 
the dimensions shown in Fig. 13. 

(e) Magnifying Wires 

Phosphor-bronze wires of diameter 0-0076 cm and 
0 - 0036 cm have been found satisfactory. In the hard- 
drawn condition these wires will carry loads of approxi¬ 
mately 10® dynes and 2 x 10 ^ dynes respectively, the 
stresses being thus about 20 x 10 ® dynes per cm®. 

The method of attaching the magnifying wires to the 
end covers of the screening tubes must be such that 
there is no tendency to slip and so cause gradual change 
of zero. At the same time the wire must be held in 
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such way that it is not damaged, and so that it can 
be easily removed when new hot wires are required. 
Soldering has not proved satisfactory, and the method 
now used is that shown in Fig. 18. The end of the wire 
IS threaded through a short length of fine silver tube, 
and the end is silver-soldered. The tube and wire are 
then bent round into a small slightly angular hook, 
which engages with an eye on the end cover of the 
screening tube. Wires mounted in this way have been 
tested to destruction, and the behaviour of the joint 


Silver hook 


PhrBr, Wire^ 



Fig, 18 

observed by means of a measuring microscope. No 
measurable creep has been found to occur. 

This construction is now used at both ends of the 
heavily loaded wires attached to the end covers of the 
tubes. The more lightly loaded cross-wires are bent 
completely round the mj(d-points of the wires to which 

they are attached, and soft-soldered with a fine solder¬ 
ing bit. 

The silk fibres passing round the pulley of the moving 
system are attached by means of shellac both to the 
wires and to the controlling spring. The fibre has 
usually been passed twice round the pulley in a V-groove; 
the mid-point being anchored by a small set-screw. 
Variotis means have been adopted for making up the 


magnifying systems. They are generally adjusted 
approximately and then soldered in position. The sag 
is then corrected by means of screw adjustment to the 
magnifying v/ires or to the tensioning spring. Jigs 
could no doubt be devised to enable the magnifying 
systems to be made up rapidly and easily, but these 
have not so far been used. 

(f) Moving System 

A standard movement mentioned above has been 
used in all but one ammeter, with or without the 
magnetic damping device. 
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SUMMARY 

The paper describes a combinatioa of beat-frequency 
oscillator and cathode-ray oscillograph so arranged that the 
oscillator output is rapidly varied in frequency over a 
limited range without appreciable change in amplitude, and, 
after passing through the apparatus whose response curve is 
to be measured, is apphed to the vertical, deflector plates of 
the oscillograph, the horizontal deflection being proportional 
to the frequency. 

A frequency scale is obtained on the oscillograph by means 
of piezo-electric crystals, so that the calibration of the instru¬ 
ment is unaffected by variations in supply voltages, etc. 

The variation of frequency is obtained by electrical means 
instead of by the usual rotating condenser, and the absence of 
mechanically moving parts renders the apparatus compact 
and portable. 


(1) INTRODUCTION 

The delineation of frequency response curves of 
electrical and acoustic circuits is a matter which is 
frequently of importance in investigations on such 
circuits. The conventional point-by-point method is 
quite satisfactory where only a few such investigations 
are to be made, but becomes tedious when the number 
is large. An example which may be instanced is the 
routine testing of the intermediate-frequency amplifier 
stages of broadcast receivers. Apparatus which will 
give a picture of the complete frequency response curve 
saves a considerable time in the final testing, besides 
allowing the efiect of adjustments in tuning, etc., to be 
instantly visible. One form of such apparatus has 
already been described;* it consists of a valve oscillator 
the frequency of which is varied by a rotating condenser, 
a valve rectifier, and a multi-stage battery-coupled 
amplifier operating a Duddell oscillograph. Similar 
forms of such apparatus, but employing a cathode-ray 
oscillograph in place of the Duddell type, are in use by 
various radio-receiver manufacturers for routine testing, 
a particular example having been recently described 
elsewhere.f 

The apparatus described below differs from the fore¬ 
going in the following particulars:— 

(i) The variation in frequency is obtained electrically, 
from a conventional linear time-base or any other source 
of low-frequency oscillation, without the use of mechani¬ 
cally moving parts. The consequent absence of sliding 
contacts is an obvious advantage, and, moreover, the 
cathode-ray oscillograph is especially adapted to an 

* C. L. Fortescue and F. Ralph: “ Response Curves of Electrical Circuits,” 
Journal I.E.E., 1930, vol. 68, p. 583. 

t R. F. Proctor and M. O’C. Horgan: “ Oscillographic Response-Curve 
Examinations,” Wireless Engineer, 1935, vol. 12, p. 363. 


electrical rather than a mechanical means of frequency 
variation. With a string oscillograph, the converse 
is true. 

(ii) The oscillator is of the heterodyne or beat-frequency 
type. Thus the mid-frequency of the band of frequencies 
produced may be rapidly varied over a very large 
frequency range without varying the band width and 
with only slight alterations to the tuning adjustments. 
The band width is also variable by controlling the 
amplitude of the voltage from the time-base, without 
affecting the mid-frequency. 

(iii) By an arrangement of two or more quartz crystals, 
a frequency base is delineated directly on the screen of 
the cathode-ray oscillograph. The separation between 
two vertical lines traced out by the oscillograph denotes 
a frequency interval of 12*6 kilocycles per sec., which is 
independent of the band width and mid-frequency. 

(2) DESCRIPTION OF APPARATUS 
(a) General 

A complete circuit diagram of the apparatus is shown 
in Fig. 1. Indirectly-heated a.c. valves are used through¬ 
out, the cathodes being directly earthed in all cases. 
Careful shielding and decoupling arrangements are 
employed to prevent interaction between various parts 
of the circuit. 

The circuit consists basically of a heterodyne oscil¬ 
lator, the two oscillator valves which beat together 
being indicated by Vg and V^. The frequency of oscilla¬ 
tion of is adjustable by means of the condenser 
and determines the mid-frequency of the band. The 
frequency of oscillation of Vg is determined partly by Cg, 
which is variable within narrow limits, and also, in a 
manner described in the next Section, by the bias on the 
grid of Vj^, which in turn is driven by the time-base. 
Thus the frequency of Vg sweeps over a range from, 
say, to /a at a rate dependent on the speed of the 
time-base, whilst that of remains constant at, say, /. 

The output from is amplified by the screen-grid 
valve Vg, the major function of which is to act as a 
buffer valve rather than to amplify, and, after passing 
through the coupled circuits CgLg-CgLg, whose double¬ 
humped response curve is so arranged as to cover the 
range of frequencies from to /g, is fed to the first grid 
of the modulator heptode Vy. 

The output from is similarly amplified by Vg, a 
single resonant circuit CgLg here being sufficient, as only 
one frequency is handled at any particular setting. The 
selectivity of CgLg is made as high as possible, to suppress 
the harmonics of / which would give rise to spurious 

'4 3 
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beat-frequencies in the later stages. The tuning range 
of the C5L5 circuit is of course the same as that of C^L^. 

The output from C5L5 is applied to the grid of the 
low-impedance triode Vg, whose anode is coupled through 
a low resistance to the fourth or signal grid of the heptode 
V^. The function of Vg is to eliminate the electron 
coupling which would otherwise occur between the first 
grid of V7 and the CgLg circuit. It was found that in the 
absence of such separation a large voltage having the 
frequency of the oscillator was set up on the fourth 
grid of when CgL- was tuned to a frequency near the 
range from /j to f^. Such a voltage reduced the con¬ 
version conductance of V^, with the result that the beat- 
frequency output from the latter varied in magnitude 
in an undesirable manner as the frequency of swept 
over the range from /j to f^. By the use of the low- 
resistance coupling betv/een Vg and V,, the magnitude of 
this electron-coupling voltage is decreased; it is approxi¬ 
mately constant over the whole frequency range. 

The anode current of contains components of 
frequencies varying between (/^ - /) and - f), and 
in addition an upper " side-band ” from (/^ -f- /) to 
(A +/)• The latter is an unwanted component, but, 
with the frequencies used, it is at least 6 times the highest 
frequency in the required lower side-band. There are 
also present components of the original input frequencies, 
from /j to /g and /, together with their harmonics, but 
it is found that the capacitance to earth of the wiring 
betw-een and Vg is sufficient to bypass all but the 
required lower side-band components, and a low-pass 
filter following V^ was found to be unnecessary. 

The output from V^ is applied to the circuit whose 
response curve is to be measured, tlie output from the 
circuit being applied to the grid of the pentode Vg. 
The amplified output from this valve is rectified by the 
diode VjQ and applied to the vertical deflector plates 
of the cathode-ray oscillograph. The horizontal deflec¬ 
tion is proportional to the voltage on the grid of V., 
which directly controls the frequency. 

The crystal frequency-base unit consists essentially of 
a highly selective amplifier, responsive to two frequencies 
12-5 kilocycles per sec. apart and lying within the 
range /j to /g.^ As the frequency of V^ sweeps over these 
two frequencies in succession, two " bursts ” of high- 
frequency current are induced in the flatly tuned 
resonant circuit LjgCjg in the vertical deflector-plate 
circuit of the cathode-ray tube. Two thin vertical lines 
are thus produced on the cathode-ray screen, in addition 
to any deflection which may be present due to rectified 
voltage from Vjg,* and the separation between these lines 
lepresents a 12 • 5-kilocycle interval. 


(b) Frequency-Control Principle 

The rnethod of controlling the frequency of V„ by tl 
bias on V^ depends on the fact that the reactaJce of 

R coupled a coil and resistan. 

Lhifl. 2(a) j, is given by the expression 






where ilf is the 
Now if the coil 


mutual inductance between L-^ and 
Lg forms the inductive branch of the 


resonant circuit LgCg of a valve oscillator, oscillation 
will take place at such a frequency that tlie total 
reactance around the series circuit LjCj is zero, or ver\>^ 
nearly so. That is 

1 / \ 

coC^ Ef -I- oMf) 

To obtain an explicit solution for co, put oq = 
the pulsatance in the absence of control (i.e. wlien 
is infinite); Ic = the coupling coefficient 

between the coils; and x — jRJ{a)jLj). Then 

• (1 _ _). .^r(i _ ^2)2 4(1 „ 7^2),,. 2 - 1 ^ 

2(1 - ]^) / 

Thus variation of may be used to control the frequencv 
of oscillation. 

In this apparatus, the place of Rj is taJcen by tlie anode- 
filament resistance of the control valve V^, tlie value of 
which is controlled by the anode and grid potentials. 
Now it is a requirement of the apparatus that the 
frequency shall be proportional to the grid bias on tlie 





Fig. 2 


control valve. It appeared somewhat unlikely that a 
combination of the non-linear expression above and the 
non-linear I'elationship between anode resista.nce and 
grid bias would give the required linear relation l)etwcon 
frequency and bias. Fortunately, however, it did not 
prove difficult to find a combination of anode a,nd grid 
voltage to give such a result over a limited range of 
frequencies. 

In the original design of the apparatus a frequency 
band of 20 kilocycles per sec. was aimed at, and, since 
it was anticipated that difficulty might be experienced 
in obtaining a linear frequency/bias relation over a large 
percentage change of frequency, the uncontrolled 
frequency of Vg was set at approximately 1 700 kilocycles 
per sec., so that a 20-kilocycle band represented a change 
of only just over 1 per cent. The coupling between the 
two coils was made as close as possible, consistent with 
capacitance effects at this frequency, but even so the 
measured coupling coefficient (k) was only 0-24, The 
measured values of Lj and L2 (see Fig, 1) were 172*3 and 
93*2 microhenrys respectively, and the operating 
frequency with removed was 1 770 kilocycles per sec. 
Using expression (1), the operating frequency for various 
resistances across Lj was calculated and also measured 
experimentally, the re.sults being shown in curves (a) 
and (&) respectively. Fig. 3, The discrepancy between 
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the observed and calculated results is chiefly accounted 
for by the effects of the capacitance G-^ across L, [Fig. 
2 ( 6 )], which represents the combined effects of valve 
inter-electrode capacitance and the self-capacitance of 
the coil Lj. An exact expression for the frequency, 
taldng this capacitance into account, is difficult to use,’ 
as it involves the roots of a quartic equation, but aii 
approximate expression is as follows:__ 


(c) Amplitude Equalization 

^ The reflection of negative reactance into the oscillatory 
circuit according to equation ( 1 ) is accompanied by the 
reflection of positive resistance, with the result that 
changes in frequency of oscillation of are accompanied 
by changes in amplitude. As it is desired to produce at 
the terminals 1, 2 (Fig. i), a voltage of variable frequency 
but constant amplitude, the coupled circuits C,Lo-C-L^ 

*3 «> (> D 


o} = ca 



-4- -y/j^(l - 4a2a;2(i ^ 




where cuj, Ic, and x, have taken the same significance as 
in ( 1 ), and 


•^ 2^2 

Assuming a value for (7j of 10 ixfxF, curve (c) of Fig. 3 
was obtained by calculation, and is seen to be in fairly 
close agreement with the experimentally-obtained curve 
over a fairly wide range of resistance. In fact, the 
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are so adjusted that the frequency-range covered by V, 
falls on the side of the resonance curve, with the result 
that the voltage on the first grid of Vg is substantially 
constant. The exact adjustment of C 3 L 3 and CgLg is 
found by experiment, and is rather critical. It is 
pi obable that the double-humped resonance phenomenon 
previously mentioned is masked by the mistuning of the 
two circuits, with the result that a single asymmetrical 
resonance curve is produced, with a substantially straight, 
slopmg top. Since the voltage from the free oscillator 
IS constant for any given position of the frequency 
band m the spectrum, the amplitude of the beat-frequency 
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Control-valve negative bias voltage, volts 

Fig. 4. Variation of controlled valve-frequency with 
control-valve bias. 



remaining discrepancy can be largely accounted for by 
the inherent resistance of the coil the effect of which 
would be to displace the calculated curves (a) and (c) 
in Fig. 3 to the right. The effect of capacitance shunting 
Lj is thus to increase the percentage change in frequency 
for a given change in resistance. Too large a capacitance 
has been found by experiment to produce unstable 
operation and discontinuities in the frequency/resistance 
curve, in the manner of the well-known Ziehen effect. 

It will be noticed that the maximum frequency-control 
effect occurs over a range of resistance from approxi¬ 
mately 1 000 to 3 000 ohms, a range over which the 
anode impedance of a normal receiving output valve 
may conveniently be varied. A curve is given subse¬ 
quently (Fig. 4) showing the relationship between 
frequency and grid bias on the control valve V^.' 

The method of frequency control outlined above has 
been used previously* in connection with the syn¬ 
chronization of a local oscillator with a pilot signal. 


... * 4' reeves: “The Single Side-band SysteiU applied to Short-wave 

Telephone L4nl£S,” /oMwa;iloss, vol. 73, p.; 246 


component in the anode current of Vg is constant over 
the band. In order to maintain this constancy in the 
voltage produced at the terminals 1 and 2 , the coupling 
resistances in the anode circuits of V, and Vg are kept 
small (6 000 ohms and 2^000 ohms respectively). 

(d) Frequency Range 

The apparatus is designed to cover a frequency range 
from 0 to 500 kilocycles per sec., the upper frequency 
limit being determined by considerations of separating 
the beat from the beating frequencies. The lower limit 
was found in practice to be about 100 cycles per sec., and 
was determined by (i) the frequency stability of the 
beating oscillators, (ii) the tendency of the two oscillators 
to lock when their frequency difference was small, 
(iii) the loss introduced at low frequencies by the 
resistance-capacitance couplings between V 7 , Vg, and Vg. 
Although these factors could be reduced to almost any 
desired extent by the use of adequate shielding, oscil¬ 
latory circuits of low A/C ratio, and large coupling 
capacitances respectively, there remains one factor 
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which sets a lower limit to the frequency that can 
usefully be employed. This factor is the limited per¬ 
sistence of vision, which requires that the picture- 
repetition frequency shall be at least 15 times per sec. 
At the lower end of the frequency scale, therefore, the 
steady-state response of the network under test is never 
reached, and the apparent shape of the response curve 
can be varied by changing the time-base frequency. 
For purposes of photographic recording, the repetition 
speed can be reduced and this effect eliminated, but, as 
the apparatus is designed primarily for visual indication, 
it has not been considered necessary up to the present to 
attempt to obtain frequencies much lower than 100 cycles 
per sec. 

The tendency of the oscillators to synchronize at small 
frequency-separations gave rise to severe wave-form 
distortion at low frequencies, before actual locking set in. 
This was due to synchronization over part of a cycle 
and introduced harmonics in the input wave to the test 
apparatus, with a consequent error in the apparent low- 
frequency response. By the use of careful shielding and 
decoupling, this effect was reduced to a point where no 
tendency to lock could be detected, and the lowest beat- 
frequency obtainable was limited only by the frequency 
stability of the beating oscillators. The use of dynatron 
oscillators in place of the feed-back type was tried in an 
attempt to improve the frequency stability, but gave no 
improvement. Harmonics in the wave-form of the two 
beating oscillators were found to be more pronounced 
with dynatrons, and resulted in a number of beats 
between harmonics, instead of the single beat between 
the two fundamentals which is obtained from the two 
feed-back oscillators when the modulating valve is 
correctly biased. 

(e) Rectification System 

The conventional diode system of rectification is used, 
owing to its linear operation at large input voltages. 
The pentode Vg will deliver an output of approximately 
90 volts (peak) without distortion, which is sufficient 
for maximum deflection of a low-voltage cathode-ray 
oscillograph, so that no low-frequency or d.c. amplifica¬ 
tion is required after the diode. The values of the 
coupling condenser and leak between Vg and are 
somewhat critical, since too large a time-constant causes 
the response on the tube to lag behind the input to the 
terminals, 3, 4, with consequent distortion of the response 
curve. This effect is clearly shown by the faint image 
formed on the screen during the flyback periods of the 
time-base not coinciding with the much brighter image 
due to the slower forward motion. Reducing the time- 
constant reduces this effect, but introduces discrimina¬ 
tion against the lower frequencies. Owing to the absence 
of any filtering system between the rectifier and cathode- 
ray tube, the response curve appears as a band instead 
of a line, the lower edge of the band being the zero line 
of the cathode-ray tube. This is an advantage, since it 
provides a base line from which the deflection can be 
measured. 

(f) Crystal Frequency-Base 

The chief feature of the crystal frequency-base, 
apart from those already described, is the use of the 


neutrod 3 me principle to overcome the effects of capaci¬ 
tance between the electrodes of the crystal-holder. 
The selective part of the 2-screen-grid valve amplifier 
forming the frequency base consists of two tuned circuits, 
coupled by two crystals in parallel. Owing to the 
relatively low decrement of these two circuits, very 
little coupling between them is necessary to produce 
an appreciable output from Vjg at the frequency to which 
the circuits are resonant. A frequency separation of 
12 • 6 kilocycles per sec., which is required to be “ marked ” 
on the oscillograph screen, represents so small a per^ 
centage change in frequency (less than 0-76 per cent) 
that, even in spite of their low decrements, small couplings 
produce a “ blur ” over the whole band. The crystals 
themselves behave as capacitances at all frequencies 
except those extremely close to their resonant fre¬ 
quencies, and in conjunction with the capacitance of 
the holder supply sufficient coupling to produce this 
" blur.” By the use of a centre-tapped circuit and the 
neutralizing condenser NC (Fig. 1) any capacitance 
coupling is balanced out, and transmission through 
the amplifier can only take place when one or other of 
the crystals is resonant. By this means a satisfactory 
sharp line is obtained on the oscillograph screen at 
each crystal frequency. It will be observed that the 
position of these lines on the screen is dependent only 
on the controlled oscillator Vg, and not at all on the free 
oscillator V^. The condenser Cg of the oscillatory 
circuit of Vg is made adjustable so that the marker 
lines may be brought into a convenient position on the 
oscillograph screen. Variation of the band-width control 
potentiometer alters the separation of the lines, but 
not, of course, the frequency interval which it represents. 

(3) EXPERIMENTAL RESULTS 
(a) Bias-Voltage/Frequency Relation 

By applying various values of steady d.c. bias voltage 
to the grid of the control valve V^, and measuring the 
frequency of oscillation of Vg with an accurate absorption 
wavemeter, the curve shown in Fig. 4 was obtained. 
Since the horizontal deflection of the oscillograph spot is 
directly proportional to the bias voltage, it will be seen 
that a linear frequency-base is obtained over a range of 
more than 50 kilocycles per sec. Apart from possible 
synchronization effects at very low beat frequencies, 
this linearity will hold whatever the frequency of Vg, 
and consequent position of the band in the frequency 
spectrum. 

(b) Amplitude Response of Pentode-Diode 
Combination 

To test the linearity of the amplitude response of Vg 
and Vjg (Fig. 2), the time-base was disconnected and V^ 
was set to give a constant voltage, at a suitable frequency 
at the terminals 1, 2, across which a potentiometer was 
connected, with the tapping point connected to ter¬ 
minal 3. 

A suitably calibrated valve voltmeter was connected 
across the terminals 3, 4, and the length of the vertical 
line appearing on the oscillograph screen was used as a 
measure of the output voltage. The tube had previously 
been calibrated for deflection/voltage characteristics, so 



199 


RESPONSE-CURVE PROJECTION APPARATUS 


that from the two sets of readings the curve of Fig. 5 
was obtained. Perfect linearity up to 90 volts (peak) 
output is indicated, and the rectification efficiency was 
found to be independent of frequency over the required 
range. 



Fig. 5.—Amplitude response of rectifying system. 


(c) Constancy of Output Voltage with Change of 

Frequency 

The time-base was replaced in circuit, and the 
potentiometer arrangement described above was set to 
give a convenient deflection on the cathode-ray oscillo¬ 
graph. A series of “ frequency sweeps ” were taken at 
different positions of the band in the spectrum; these 
cire shown in Fig. 6. 

(4) APPLICATIONS 

(a) Measurement of Response Curve of an 
Intermediate-frequency Transformer 

Fig. 7 shows the frequency response curve of a certain 
commercial type of intermediate-frequency transformer 
when working in conjunction with a high-frequency 
pentode valve. The curve shown was traced from the 
screen of the cathode-ray tube, the positions of the 
marker crystals being shown by vertical lines. The two 
lines to the right are due to the same crystal, which had 



Fig. 6.—Output/frequency curves. 

Curve (a): Mid-frequency = 0. 

Curve (6): Mid-frequency = 08 ko. 


a number of crevasses close together, and careful adjust¬ 
ment of the bias voltage on and necessary to 

eliminate all but two of these. 

The vertical scale shown below the response curve is a 
linear frequency-scale, and is a final check on the linearity 
of the horizontal frequency-base. The oblique lines join 
points on the oscillograph screen at which the cathode- 


ray spot was brought to rest (by a steady bias on the 
grid of Vj instead of the time-base), with the actual output 
frequency corresponding to this bias, as measured by 
an absorption wavemeter. The degree of parallelism 
between these lines is thus a measure of the linearity of 



Fig. 7.—Response curve of an intermediate-frequency 

amplifier. 

the frequency/grid-bias relation—similar to that dis¬ 
cussed in Section (3)(«) but now at the actual operating 
frequency, instead of at one of the beating frequencies. 

The lack of exact linearity was found on examination 
to be more apparent than real, the frequency-change 
per cm of deflection varying in a random manner, owing 
to experimental difficulties in locating the stationary 
spot exactly in the presence of halation effects. The 
perfectly linear nature of the curve of Fig. 4 is a reas- 



Fig. 8 


surance on this point. Fig. 8 shows a photograph of the 
response curve of the same transformer. 

(b) Further Applications 

The measurement of the overall response of a broadcast; 
receiver is an obvious application of the instrument, but: 
a second stage of heterodyning would be necessary im 
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order to bring the mid-band-frequency up to the region 
of 1 000 kilocycles per sec. For example, the apparatus 
might be set to produce a band extending from 390 to 
410 kilocycles, which would then be heterodyned with 
a 600-kilocycle oscillator, thereby producing an upper 
side-band extendurg from 990 to 1 010 kilocycles. In 
the case of a receiver with automatic volume control, it 
would be necessary to maintain a steady carrier, so 
that the apparatus would be used to modulate a 1 000- 
Idlocycle oscillator at a frequency var 5 dng from 0 to 
20 Idlocycles. 

The measurement of the response curve of a loud¬ 
speaker is another application. The loud-speaker is 
connected to the terminals 1, 2, and a microphone of 
Imovm charactei'istics is connected to terminals 3, 4. 
Such an application has previously been described in 
connection with the mechanically-operated systems men¬ 
tioned at the beginning of the paper. 

A rather different use for the instrument lies in the 
field of analysis of complex wave-forms, in a manner 
analogous to that used in the “ sound prism.”* The 
wave-form to be analysed would be heterodyned with 
a steady oscillator so as to bring one of the side-bands 
to approximately 200 kilocycles per sec. This band 
would then be applied, together with the sweeping 


frequency, to a detector valve and low-pass filter con¬ 
nected to the terfninals 3, 4. The resultant pattern on 
the oscillograph screen would then indicate the relative 
amplitudes and frequency-separation of the components 
in the original wave-form. 

The operation of the apparatus as a wave analyser 
can be readily shown by inserting a sharply resonant 
circuit between the terminals 1, 2, and 3, 4; and adjusting 
the bias on Vg so as to produce a badly distorted wave¬ 
form on the control grid of Vg, when a series of resonance 
curves can be obtained on the screen, each one cor¬ 
responding to a harmonic in the wave-form. This 
effect is a useful check on the correct operating conditions 
of the various valves. 
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DISCUSSION BEFORE THE WIRELESS SECTION, 1ST APRIL, 1936, ON TWO PAPERS 
BY PROF. FORTESCUEt AND A PAPER BY MR. REIDJ 


Lieut.-Col. K. Edgcumbe : I shall confine my remarks 
to the paper on hot-wire ammeters by Prof. Foitescue. 

In the first place, I presume that the author is con¬ 
vinced that a hot-wire instrument is to be preferi'ed to 
a thermocouple instrument. The latter fulfils the 
requirement of being based on the heating of the con¬ 
ductor, and I should have thought that it was easier to 
deal with, both theoretically and practically, than an 
instrument which has so many component parts; on the 
other hand, the capacitance will be less easy to calculate. 

I should like to thank the author for emphasizing the 
fact that increasing the scale length does not increase 
the accuracy. Actually I think that the accuracy goes 
down, because nearly all the intrinsic errors of the 
instrument go up. If the error of the instrument itself 
is 6 per cent there is not much use in reading its scale 
to O '1 per cent. 

The author says that it is the simplest thing in the 
world to ensure that the current divides itself evenly 
between the wires in his ammeter. My experience, 
however, is that at these frequencies one does not know 
where the current will go. The author simply says: 
” If the length and diameter of the wires are all the same, 
the inductance will be the same, and tjiis alone is suffi- 
cteTKh tO' enmre 'thaff the ' high-frequency current will be 
equally divided between the wires.” I hope that this is 
so, and in any case I take his word for it. 

Lastly, I should like to ask what method he uses for 
testing these instruments. I saw a proposal the other- 
day which rather interested me; it consisted in mounting 

* O. H. Shuck: Proceedings of the InsHMe of Radio Engineers, 1934, vol. 22 

p. 1395. J a , 

t “ Thermionic Pe.ik Voltmeters for Use at Very High Frequencies ” {see . 
vol. 77, p. 429) and “ The Theory and Design'of Hot-Wire Ammeters for Fre- 
.quencies of 26 to 100 Megacycles ” (see page 179). 

t See page 194. 


a straight filament in a vacuum and sending through it 
a current sufficient to make the filament thoroughly in¬ 
candescent. The value of the current was then deter¬ 
mined in terms of the output of a photoelectric cell 
placed nearby. The advantage of the method is that 
it makes possible the use of a comparatively small wire 
for a heavy current, and should therefore make a useful 
transfer instrument for comparing direct currents or low- 
frequency currents with radio-frequency currents. This 
device would not make a satisfactory ammeter, since 
the scale would be a very short one, the luminous output 
being proportional to the fifth power of the current; but 
that is an advantage in another respect, because it means 
a very sensitive ammeter so long as only the upper part 
of the scale is used. 

Mr. E. C. S. Megaw: I propose to confine my remarks 
to the two papers by Prof. Fortescue. 

I have lately attempted to make accurate measure¬ 
ments of voltage at frequencies ranging between 30 and 
some hundreds of megacycles. As a result of my work 
in this direction, I must say that I do not quite share 
the author’s pessimism with regard to the possibility of 
evolving a reliable peak voltmeter. The general 
analytical results I have obtained, so far as one can 
analyse these rather complicated problems at all, are 
in complete agreement with those which the author 
puts forward. 

The question arises of how far we can hope to reduce 
the errors due to the approach to resonance in the volt¬ 
meter circuit and to the transit time of the electrons; 
and, if they cannot be reduced to dimensions consistent 
with accuracy, how accurately can we calculate the 
corrections for them? 

Taking first the epestion of approach to resonance in 
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the voltmeter circuit, we have found that, using diodes 
substantially the same in design as the one described in 
the paper, the difficulty introduced by this factor is not 
very serious, even for frequencies up to about 100 mega¬ 
cycles, provided that we have to measure only the 
voltage between two adjacent points, one of which is 
earthed. Our experimental evidence seems to show that 
in those circumstances errors not greatly exceeding 1 per 
cent are obtained. If, however, it is necessary to measure 
the voltage between two points which are, say, 1 yard 
apart, at a frequency of 60 or 100 megac 5 mles,* even if 
one of the points is earthed the problem is a good 
deal more difficult, and we have found that the best 
way to measure the voltage is to provide an arti¬ 
ficial earth point close to the unearthed terminal. At 
wavelengths of about 1 metre this can be done by 
hanging up a few pieces of wire J wavelength long, and 
connecting one end of each wire to the cathode of the 
valve. Quarter-wavelength wires, their other ends 
hanging freely, provide a circuit which has a low im¬ 
pedance with respect to the surrounding bodies. Such 
a device enables one to make measurements at wave¬ 
lengths down to 0>6 metre, not perhaps with accuracy 
but with some fair approach to what we believe to be 
the true voltage. 

At wavelengths less than about 0-6 metre it is almost 
impossible to make a voltmeter circuit so small that the 
reasonance eri*or is negligible, and the arrangement 
which we have adopted in these cases is to connect the 
voltmeter to the terminals at whieh we are trying to 
measure the voltage through a pair of conductors which 
form a transmission line whose electrical length is half 
a wavelength, or perhaps an integral number of half¬ 
wavelengths. If we do this, and provided the damping 
of the line is not too big, then the voltage produced at 
the actual measuring terminals is substantially the same 
as that at the terminals where the voltage is to be 
measured 1 electrical half-wavelength away. The diffi¬ 
culty, however, is to know when one has actually got an 
electrical half-wavelength—a separate determination to 
the “equivalent length” of the voltmeter input im¬ 
pedance must be made—but it is at least a method of 
getting over what otherwise seems to present some 
difficulty. 

Considering now the transit-time erroi', here also the 
difficulties are rather great. The calculation seems to 
be practicable only for the simplest case of a uniform 
electric field, or in other words a parallel pair of electrodes 
with no space charge. The following method suggested 
itself as a way of checking experimentally whether the 
results calculated from such a simple formula did agree 
with what might actually be observed. The method was 
very simple; it consisted of maintaining a constant voltage 
at a certain point and obtaining with a voltmeter a series 
of readings with a number of diodes having identical 
physical properties but different inter-electrode spacings. 
It was to be expected that the error, at any rate when 
not too large, would be proportional to that spacing, and 
the results indicated such a linearity. By extrapolating 
those results, we were able to see what the result would 
have been in the absence of any transit-time effect. To 
sum up, it seems that the error is about twice as big as 
we had expected it to be from the simple theory. 
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A commercial diode of this type has now been de¬ 
veloped with which it appears to be possible to make 
measurements of voltages greater than perhaps a few 
tens at frequencies up to 100 megacycles with errors not 
exceeding about 10 per cent. 

Turning to Prof. Fortescue’s paper on the hot-wire 
ammeter, I also feel that from the user’s point of view 
it would be interesting to know why the author chose 
to make this very useful and very thorough examina¬ 
tion of the mechanical method of noting the change in 
temperature of the wire rather than the electrical one; 
i.e. why he investigated the hot-wire ammeter rather 
than the thermocouple type. It seems to me that the 
thermocouple ammeter has two definite advantages: 
first of all, in this ammeter it is possible to separate the 
indicating part from the high-frequency part, and 
secondly the size of the high-frequency part can be made 
a good deal smaller. The precise calculation of the 
errors is perhaps more difficult with existing forms of 
thermocouples, but I should be interested to know 
whether the author considers that one might so design 
a thermocouple arrangement that its errors could be 
accurately calculated. Can he tell us what is the accu¬ 
racy of commercial thermocouples relative to his hot¬ 
wire instrument ? 

Mr. B. W. S. Challans: I propose to confine my 
remarks to the paper by Mr. Reid. 

I have used the Miller effect in the valve which was 
mentioned by him, and I find that if one keeps the 
anode resistance low the resistive feed-back is also low, 
using bonded carbon resistances. This arrangement 
has the advantage that, in order to get a linear frequency/ 
output characteristic, it is merely necessary to obtain 
a square-law valve. Many valves are reputed to be of 
the square-law type, but I have had a good deal of 
difficulty in finding one wMch actually is so, i.e. one 
which has a straight-line mutual-conductance/grid-volts 
curve. 

The author used a response curve consisting of a band 
instead of a line, and he claims that this has the advan¬ 
tage of giving a reference line at the bottom of the curve. 
This reference line is of doubtful use, because generally— 
commercially, at any rate—one is interested merely in 
the centre portion of the curve, and the reference line 
is obtained at the expense of brilliance. 

With regard to the suggestion that this is the first 
form of response-curve analyser or response-curve 
projection apparatus not using rotating condensers, I 
have in my laboratory at present an American ganging 
oscillator which uses some form of Miller effect and gives 
three fixed output frequencies with a frequency varia¬ 
tion of i lb he on either side. 

In connection with the low-frequency end of his 
frequency output the author mentions the use of a low- 
frequency sweep. It does not seem to be generally 
realized that it is most important to use a low frequency 
always, because if one is examining circuits of low 
decrement the phenomenon which is sometimes known 
as " ringing ” will come in. Also, some two years ago 
Barrow* showed that what is actually obtained is a 
spectrum consisting of discrete frequencies displaced 
by the actual frequency of the frequency modulation. 

* Proceedings of the Institute of Radio Engineers, 1933, vol. 21, p. 1182. 
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If tlie rate of sweep is too high, a decreasing number of 
discrete frequencies will be contained in the band which 
is being considered, the number becoming more limited 
as the rate of sweep is increased. In the limit, the 
fundamental frequency only will be received, the adja¬ 
cent frequencies being outside the band under considera¬ 
tion, and a false resonance curve will be obtained. 

Dr. E. H. Rayner: In measuring radio-frequency 
currents one naturally follows out to a considerable 
extent the ideas that one uses for power-frequency 
currents. One of these is that when dealing with 
precision measurements of alternating currents it is 
necessary to reduce the errors as far as practicable by 
raising the specific loading of the conductors which are 
being used. We have a resistor at the N.P.L. com¬ 
posed of many miles of wire, and the rated loading of 
the wire involves a temperature-rise of 100 deg. C. under 
normal conditions. This becomes necessary in order to 
reduce the time-constant to as small a value as possible. 
In radio-frequency measurements we are dealing with 
frequencies of the order of 1 million times as great, and 
the troubles are very much enhanced: one therefore 
looks to this factor of high specific loading as a way out 
of the troubles of radio-frequency current measurement. 
In other words, let us run the resistor, of whatever 
material it may be—^in Prof. Fortescue’s instrument it 
is of platinum-alloy wire—to the highest temperature 
we possibly can. This idea is in line with the suggestion 
which Col. Edgcumbe mentioned of using a wire white- 
hot. We have recently been doing some preliminary 
experiments on the use of incandescent wires as indi¬ 
cators of temperature and incidentally of the value of 
the current, and they are not unpromising. We have 
not yet attempted to use radio-frequency currents; but 
using direct current we find that we can reproduce a 
reading to the order of 1 part in 1 000 by means of 
measuring the illumination output with a suitable photo¬ 
cell. As Col. Edgcumbe mentioned, one is limited in 
the range of each particular resistor, but as the range 
is of the order of 2 to 1 there is no great difficulty; and 
there is also the advantage that, although the range for 
each particular resistor is small, the sensitivity is corre¬ 
spondingly high on account of the very rapid rise of 
luminescence with current and temperature. The 
method has been used in other countries. 

Experience of hot-wire instruments in past years 
shows that there is always liable to be an indefiniteness 
in measurements depending upon the increase of resis¬ 
tance of a wire cooled by the surrounding air; and the 
more definite effect of luminous radiation promises to 
be more precise as a basis for a standard method. This 
does not imply that the apparatus devised by Prof. 
Fortescue is not capable of filling quite an important 
place; but it seems not impossible that as a result of the 
recent rapid developments in the design and use of 
photocells a satisfactory switchboard type of photo- 
operated instrument may be developed. 

Mr. L. A. Moxon: I propose to confine my remarks 
to Prof. Fortescue’s paper on the hot-wire ammeter. 

I am particularly interested to notice that an instru¬ 
ment has been constructed using an inductive shunt. 
It seems to me that this arrangement ofiers the advan¬ 
tages of lower cost, simpler construction, greater relia¬ 


bility, reduced terminal capacitance, lower power 
factor, the possibility of constructing multi-range 
instruments, and, in particular, very considerable re¬ 
duction in the impedance, especially as regards instru¬ 
ments for measuring large currents. If one takes, for 
example, an instrument for measuring a current of 
6 amperes, and considers the earlier type of multi-wire 
construction, the largest number of wires which can con¬ 
veniently be used is probably of the order of 6. If we 
compare a single 0'25-ampere wire shunted by an in¬ 
ductive shunt with an instrument consisting of six 
1 -ampere wires in parallel, we find that the impedance 
is reduced in the ratio 4:1. Further advantages of 
the inductive-shunt arrangement are the reduction of 
the capacitance of the instrument to earth, and of the 
total mass of metal that is essential to the instrument. 
In this connection it may even be worth while going to 
the length of making the case of the instrument, and 
also as much as possible of the mechanical system, of 
insulating material. It seems to me that, unless these 
precautions are taken, when the meter is inserted into 
any high-frequency system that system is going to be 
upset thereby unless one is able either to take pre¬ 
cautions with regard to balancing out the earth capaci¬ 
tance of the instrument or else to insert the instrument 
in the system so that the earth terminal is at a nodal 
point. In practice that may be a very difficult thing 
to do. 

It is understood that the calibration of a hot-wire 
ammeter employing an inductive shunt is difficult to 
calculate, and it must probably be obtained by com¬ 
parison with an instrument of the earlier type. 

Mr. A. J. Gill: In the early days of the use of hot¬ 
wire instruments we generally found that the needle 
was well ofi the zero when we started to measure. 
Having adjusted it to zerOj obtained a reading, switched 
off, and allowed the instrument to cool, we quite com¬ 
monly found that the pointer was still off the zero. I 
presume that these difficulties have now been overcome. 

In looking at the curves in Prof. Fortescue’s paper 
on the hot-wire ammeter I am impressed by the wonder¬ 
ful coincidence between the readings of instruments 
Nos. 3 and 5 at a frequency of 40 megacycles; I do not 
know of any other current- or voltage-m’easuring device 
operated at frequencies above ],0 000 cycles with which 
one can obtain such coincidence in measurements. 

There are one or two small points about which I am 
not clear. Fig. 7 of the same paper shows four wires, 
and two of the ends are marked " H.T. terminals.” It 
is not quite clear to me what is the path of the currents, 
i.e. whether they go down the tube and get back to the 
screen case, and whether the wires in the top tube and 
the bottom tube also carry currents or not. Again, 
referring to Fig. 6, I take it that the current passes 
down the central wires and goes to the screen, so that 
the screening tubes are at the mean potential and no 
current goes down the multiplying wires; but are any 
steps taken to exclude the current from the multiplying 
wires ? Presumably there will be some little impedance 
in that strip at the end of the tube which will act as a 
shunt and tend to divert some of the current down there. 
Presumably these are not very important points, because 
the instrument works quite satisfactorily. 
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In the paper on the peak voltmeter, Prof. Fortescue 
refers to the possible difficulty of resonance. I should 
like to suggest that such a possibility is very remote. 

The paper by Mr. Reid is very interesting to me 
because we in the Post Office have done some work 
of the same character, using a rotary condenser. With 
any device of this kind it is necessary to use the slowest 
possible traverse, or a spectrum will be obtained con¬ 
sisting of spot frequencies rather than a continuous 
change. There is not very much advantage in using 
an electrical method of frequency modulation as com¬ 
pared with the method employing a rotary condenser, 
because the rate of traverse need be only 25 cycles per 
sec. or less, and it is very easy to make a condenser with 
two or four blades in it to give that variation. We 
have used one of that type, but for some time past we 
have been experimenting with the electrical traverse. 
We do not claim any priority in this direction; it is 
simply that we seem to have struck the same idea as 
the author. 

Mr. K. I. Jones: I propose to confine my remarks to 
Mr, Reid's paper, and to deal with the subject from the 
point of view of the use of the apparatus for the design 
of broadcast receivers. 

It seems to me that this appai'atus is more useful for 
the inspection of the characteristics of a complete 
amplifier than of an individual filter, inasmuch as one 
can calculate the response of a filter with a certain 
amount of ease, and one can also measure it, but in a 
complete receiver there may be stray feed-back in the 
wiring and feed-back due to grid-anode capacitances in 
the valve which can make the actual resonance curve 
quite different from that calculated. Moreover, the 
accuracy obtainable by plotting the response curve on 
a cathode-ray oscillograph is not as good as can be 
obtained by other methods, particularly as the output 
is linear and not logarithmic; for selectivity curves 
the latter is often desirable. The great advantage of the 
apparatus, however, seems to me to be that one sees 
the whole response curve at once, instead of merely the 
voltage at one point on that response curve. 

In view of the fact that one wishes to use the apparatus 
to examine a complete receiver or amplifier, it is neces¬ 
sary that the detector circuits should not be changed. 
If such changes are made the stray capacitances are 
altered on going over to the reception of wireless signals, 
and of course the ganging is affected. This difficulty 
can be overcome by using the detector in the receiver 
itself to rectify the frequency-modulated input. It is 
usually then necessary to amplify the output of this 
detector; otherwise it is possible that valves in the chain 
previous to the detector may be overloaded. 

It seems to me that when the apparatus is worked on 
frequencies round about 100 kc, which are quite usual, 
the stability of calibration will not be very large. For 
instance, an accuracy of 1 • 7 per cent at 100 kc demands 
a stability on the part of the oscillators themselves of 
0 • 1 per cent, which they would probably hold, I suppose, 
over a period of hours, but hardly over a period of 
months. 

I agree heartily with the author that the electronic 
method of frequency traverse is much more flexible and 
more desirable than the mechanical method, and from 


the radio designer’s point of view, apart from the speed 
and accuracy with which it enables receivers to be 
aligned in production, it is extraordinarily useful in 
finding out just what experimental receivers are doing. 
A point in this connection is that where Miller eflect 
due to the grid-anode capacitance of the v’^alve is present, 
if one tunes the oscillatory circuit in the anode of that 
valve the feed-back becomes a negative resistance in 
parallel with the input circuit, and, although the circuit 
in the anode is o:ff resonance, the gain is considerably 
enhanced, so that by ganging such a set with an output 
meter the anode circuit is misganged. 

Mr. J. E. Marshall: I wish to refer to Mr. Reid’s 
paper and to mention one rather interesting method of 
controlling the oscillator frequency which does not seem 
to have been touched upon, and that is a scheme which 
is used for automatic tuning. I am referring to the use 
of the reactive control valve. In this method, the grid 
of the valve is fed from the anode through a phase¬ 
changing network which brings about a phase-change 
of 90°, i.e. the valve is made to appear as an inductance. 
The value of this inductance can be varied by varying 
the grid bias to the valve. The method suffers from 
the disadvantage of variable damping of the tuned cir¬ 
cuit to which it is applied, but it seems to me that this 
difficulty could be vfery easily overcome by applying 
A.V.C. to the oscillator so that its output is maintained 
constant. There is another possible method of achieving 
constant output, depending on the use of an anode-bend 
rectifier; one heterodyning signal is made very much 
stronger than the other, in which case the required 
heterodyne output is proportional to the weaker signal, 
the frequency of the stronger signal being the variable. 

It occurred to me in watching the author’s demon¬ 
stration that the very low sweep frequency used was 
rather trying. In carrying out experiments on this 
particular scheme I have used a frequency of 25 cycles 
with complete success, the time-constants giving no 
trouble if carefully arranged. There is also the possi¬ 
bility of using instead of the thyratron time base the 
50-cycle mains as the variable grid bias for the 
control valve and also for the horizontal sweep of the 
oscillograph. 

Mr. W. L. McPherson: Prof. Fortescue, in his paper 
on peak voltmeters for use at very high frequencies, 
mentions that the frequency error depends on the 
assumptions that the electrode capacitance is a definite 
constant and that the distributed capacitance of the 
leads can be neglected. At the very high frequencies 
such as are used in micro-rays it is impossible to neglect 
the distributed constants; it is far easier to assume that 
everything has distributed inductance and capacitance. 
Under these conditions it becomes very difficult to apply 
any ordinary type of instrument, and the type of ammeter 
which Prof. Fortescue has designed would, I think, be 
inapplicable simply on account of its size; it would occupy 
an appreciable proportion of a wavelength in which 
definite current changes might occur. On the micro-ray 
equipments with which I have been concerned the only 
consistent measurement which we have been able to 
make is that of power, which has been measured by a 
thermocouple system connected through a tubular-type 
transmission line so that one side of the system is always 
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an indefinite period the precise shape of the response 
curve at any specific point. Another advantage is the 
fact that we have been able quite simply, by means 
of cams, to draw a baseline during the fly-back period 
without the necessity of tracing out an area, and we 
have thereby had the dual advantage of a zero baseline 
and a brilliant trace. 

I am rather surprised that Mr. Reid’s paper does not 
pay more attention to the effects of the frequency at 
which the picture is traced on the actual shape of the 
picture. I found quite a definite indication of the fact 
that the shape of my picture was dependent on the 
picture frequency, and the effect was demonstrated quite 
simply, using the mechanical system, by reversing the 
direction of travel of the motor and reversing thereby 
the departures from the true picture which occurred 
due to the finite picture speed. When dealing with filters 
having a very short cut-off, the maximum speed which 
should be used was of the order of a very few cycles per 
second to avoid any distortion of the true picture, a 
speed so slow that the blue or green tube gave very un¬ 
pleasant flicker effects, and I therefore had to use a 
strontium tube with its very good afterglow. The 
problem was very much simplified thereby. 

THE AUTHORS’ REPLIES TO THE DISCUSSION 

Prof. C. L. Fortescue {in reply ); of comparison are certainly a possibility, provided that 

The High-Frequency Ammeter, errors are not introduced by either incomplete screening 

Several speakers have mentioned the intrinsic dis- or t>y variation of the skin effect due to the variation 

advantages of the hot-wire system—^indefiniteness of of temperature along the heated wire. But the photo- 
zero in particular. For low-frequency precision work metrical method is far more complicated and, since the 
these criticisms are justified, especially in the hot-wire errors of the mechanical magnification are less than other 
voltriieters where the consumption of energy is con- errors not yet overcome, it seems unnecessary to adopt 

siderable. In some very cheap forms of hot-wire 'this method. Th.e one possible advantage is that 

ammeters the criticism is also perhaps apposite. But in stressed by Dr. Rayner, viz. that the impedance may be 
the case of ammeters in which hot wires of relatively low less in instruments employing high temperatures. As 
resistance are carrying currents of from 0-25 to 1-0 whether this advantage can actually be realized has 
ampere, in which the temperature-rise above the sur- yet to be established. 

roundings is fairly high, and in which the mechanical Moxon is in favour of the instrument having an 

magnification is not too great, the zero-keeping is reason- inductive shunt. As a practical instrument it has 
ably good. Inaccuracy arising from this cause is not advantages, but it must be cahbrated against a standard 
serious at frequencies above 26 megacycles, since other at all frequencies an dis thus no real advance on a thermo- 
errors are much greater. couple instrument, except possibly in the matter of its 

The relative advantages of the thermocouple and the low impedance, 
mechanical magnification have also been mentioned by fa reply to Mr. McPherson, no attempt has yet been 
several speakers. The thermocouple was ruled out in made to obtain accuracy at frequencies approaching 
the present case owing to the uncertainty with regard to 2 000 megacycles, 
the possibility of skin effects of incalculable magnitude The Pecik Voltmeter. 

and of induced currents in the junction and the leads Mr. Megaw’s experiences are very interesting and, in 
to it, which in themselves might cause more heating spite of Mr. Gill’s remark to the contrary, there is no 
o t e junction at high frequencies than that due to question but that resonance is a most serious difficulty. 

^ e current actually being measured. Where the Mr, Megaw’s suggestion of an artificial earth is ingenious, 
ms rument can be calibrated against a standard over but it is to be feared that it does not wholly circum- 
e w o e range of frequency, the thermocouple is un- vent the difficulty. There is some evidence that the 
questionably tiie more convenient. But where a low- error due to time of flight as calculated in the paper is 
requency ca ibration has to be used, since there is no an overestimate, but the experimental measurement on 
ig requency standard available, the symmetrical which alone a conclusion can be based is very difficult, 
co-axial mre and cylinder with some means, which is Mr. D. G. Reid {in reply): Mr. Challaus mentions 
una ec e at high frequency, of observing the tempera- the use of the Miller effect as an alternative means 
re is essential. The actual means employed for of producing the ■ frequency variation. On theoretical 
measurement of the temperature does not change the grounds there would appear to be very little difference 
princip e. Very hot wires with photometric methods between the two methods, both depending as they do 


earthed. A fairly definite measurement of power can 
also be obtained by terminating the line in a very short 
filament and measuring the luminosity by any photo¬ 
metric method, comparing it with the luminosity from 
the same filament when fed with direct current. As the 
length of the filament is only in., the standing-wave 
question does not arise. Measurements of peak voltage 
have been made across relatively low impedances of the 
order of 70 to 100 ohms. I should not like to guarantee 
the accuracy of these measurements to anything greater 
than 10 per cent, and this figure is probably optimistic, 
but it is of interest that the power can be measured to 
within even that accuracy at frequencies of, say, 1 500 
megacycles. 

Mr. Charles Holt Smith: I have been very interested 
in Mr. Reid’s paper and demonstration, as I have been 
developing apparatus on somewhat similar lines myself. 
I have, however, adopted a completely mechanical drive. 
It is interesting to compare the manner in which Mr. 
Reid’s apparatus and my own have, by dissimilar means, 
arrived at the same ends. The advantage which I have 
found from adopting a mechanical drive is that it 
enables one to deal in static terms with the response 
cui've; that is to say, one can examine minutely and for 
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on the curvature of the valve characteristics. As Mr, 
Challans points out, it is necessary when using the 
Miller effect to employ a valve having strictly parabolic 
characteiistics, and. such a valve, as he admits, is not 
always easy to find. Replacement of one valve by 
another may then cause a substantial change in the 
shape of the frequency-control voltage characteristic. 
With the frequency-control principle which is used in 
this apparatus, the ideal shape of characteristic re¬ 
quired by theory closely resembles that of an ordinai-y 
low-impedance output triode, and reference to Fig. 4 of 
my paper will show how closely linearity of frequency 
with grid-bias voltage is maintained over the requisite 
range of frequencies. It was found in worldng with the 
apparatus that it is not at all critical of the type of 
control valve used, and many different types of low-power 
output triodes were used at different stages in its 
development. 

It may be pointed out that the use of the Miller 
effect in no way avoids the difficulty of var 3 dng load 
on the oscillatory circuit and the amplitude changes 
which it produces, .since the input admittance of a 
triode having grid-to-anode capacitance is a complex one, 
having an in-phase conductance component which varies 
with the grid bias in the same manner as does the 
leading susceptance component. 

The use of a band of light instead of a line diagram 
unavoidably reduces the picture brilliancy, but, never¬ 
theless, the picture obtained is still sufficiently bright for 
photography or examination in daylight. It was felt 
tha,t the advantages of having a base line available, 
together with the avoidance of errors in wave-form due 
to a large time-constant in the rectifier circuit, out¬ 
weighed the disadvantage of low brilliance. As Mr. 
Challans points out, in all forms of frequency response 
curve apparatus what is really examined at any instant 
is the response not to a steady sinusoidal wave of con¬ 
stant frequency but to a frequency-modulated wave, 
and it is only when the modulation frequency is ex¬ 
tremely low compared with the “ fundamental" or 
carrier frequency that the resulting spectrum of infinitesi¬ 
mal voltages of continuous frequencies may properly 
be considered as degenerating into a single-frequency 
voltage of finite amplitude. 

I am interested to hear from Mr. Gill that the Post 
Office have been working along the same lines, and are 
now experimenting with electrical frequency-sweeping 
in place of the rotating condenser. It would appear to 
me that the use of motor-driven condensers is to be 
avoided wherever possible in any apparatus in which 
portability is aimed at. He may be interested to know 


that, since the paper was written, the same principle has 
been applied to a “ warbler oscillator ” operating at 
audio frequencies, which appears to have possibilities as 
to standard source of noise in interference measurements. 

Mr. Jones comments on the application of the instru¬ 
ment to the measurement of the overall response of an 
amplifier or radio receiver. It is of course essentially 
suitable for this purpose, and the demonstration in con¬ 
nection with a single intermediate-frequency amplifier 
was purely to show the type of picture obtained. 

stability of the two beating oscillators is an 
important point, as it determines the practicable lower 
limit of frequency at which the apparatus can be 
operated. For taldng the response curves of low- 
frequency amplifiers, lower beating frequencies would be 
advantageous. 

Mr, Marshall makes an interesting suggestion regarding 
the use of a reactive control valve. Essentially this is 
very similar to the Miller effect, except that by the 
use of a suitable phase-changing network the grid-input 
admittance can be made more nearly a pure reactance 
than is the case when the grid-anode capacitance alone 
is relied upon, as in the Miller effect. The use of auto¬ 
matic volume contiol to avoid the effects of variable 
damping was considered, but the equalizing circuits used 
correct the amplitude variation almost completely and 
have the advantage of simplicity. 

The principle of rendering the beat output independent 
of one of the heterodyne voltages by making one very 
much larger than the other was tried at gn early stage in 
the development of the apparatus, but it was found that 
the large voltage-swings which it is necessary to apply 
to the grid of the modulator produce large numbers of 
high-order harmonics, resulting in a number of response 
curves appearing on the screen at once. 

The use of the 50-cycle mains as a low-frequency 
source was also tried, but here again the resulting two 
pictures for the two half-cycles produce a blurred image 
owing to inevitable slight phase-changes. Furthermore, 
with a sinusoidal low-frequency sweeping voltage the 
illumination of the picture is greater at the sides than 
in the middle, where greatest detail is required. 

Mr. Smith puts fomard as an advantage of the 
mechanical system the fact that portions of the curve 
can be examined statically by turning the condenser by 
hand. The same can be done with electrical sweeping, 
by substituting a battery and potentiometer for the time 
base. The curve of Fig. 4 was obtained in this way. 
His suggestion for using tubes vrith long afterglow should 
prove valuable in dealing with low-frequency amplifiers 
where the sweeping frequency must be kept very low. 
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Preface 

The Council will recall that in 1933 they appointed a 
small “ preparatory Committee ” to review the subject 
of interference with radio reception. This preparatory 
Committee reported in April, 1933, and advised the 
Council that serious interference appeared to be taldng 
place, reviewed the extent of this, and indicated the 
measure of technical advance towards ascertaining the 
best methods of curing the trouble. 

As a result of that report the Council appointed the 
present representative Committee with the following 
terms of reference: 

{a) To consider the report (drawn up by the prepara¬ 
tory Committee appointed by the Council) setting 
out the problems to be solved. 

(6) To make recommendations as to the steps, if ^ any, 
to be taken to secure the elimination or mitiga¬ 
tion of electrical interference with radio reception. 

(c) In connection with (&) above, the Committee are 
requested to consider, inter alia, the following 
,, specific matters:— 

(i) The degree of immunity of each type of 

apparatus, and the degree of interference 
from each type of electrical plant and the 
best means for its elimination. 

(ii) The desirability of embodying in specifications 

for new plant the requirements for inter¬ 
ference suppression. 

(iii) The desirability or otherwise of legislation. 

We submitted to the Council an interim report on 
the 18th October, 1934, indicating the various phases of 
the subject which we were studying, and the progress 
being made. 

We now have the honour to submit our final report on 
the subject. From this we hope the Council will see that 
their Committee has not merely been studying the sub¬ 
ject, but has stimulated action by various bodies with a 
view to clarifying such questions as standards and 
measurement of interference. We have also endeavoured, 
as far as we legitimately could as a Committee, to 
encourage the application of radio-interference suppres¬ 
sion devices. This side of our activities has been the 
easier because the Council had appointed to their Com¬ 
mittee representatives of all organizations which were 
likely to be interested or to be able to help in securing 
general collaboration in the electrical industry. In 
Appendix I we give a list of these organizations and 
their representatives on the Committee. 

Altogether 96 meetings of committees dealing with 
radio interference have been held in the 3 years which 
have elapsed since the Institution Committee was set up, 
as follows:— 


Main I.E.E. Committee and Sub-Committees .. 62 

B.S.I. Committee and Panels .. . • .. 20 

E.R.A. Committee .. .. ■ • • • .. 13 


1. Previous Report. 

When we presented our first report to the Council (in 
October, 1934), although we were able to recommend an 
objective limit we were unable to say that the technical 
position was sufficiently advanced to justify the drawing 
up of formal regulations for the suppression of inter¬ 
ference. This was mainly because none of the methods 
proposed for assessing and measuring interference was 
sufficiently established to give us confidence in its 
suitability for practical application. 

2. Objective Limit. 

The recommendation in the above-mentioned Report 
still holds good as to the objective limit which is desirable; 
that is to say, there should be a difference of at least 
40 decibels between the strength of the signal (or wanted) 
field* and the interfering (or unwanted) field. But the 
step has been a long one between defining the objective 
we should like to reach, and finding a yardstick—or 
perhaps more than one—^which can be applied practically 
to the several very diverse groups of conditions which 
give rise to radio interference. 

3. Method of Measurement. 

A method of measurement has now been agreed upon 
and instruments have been developed which are capable 
of indicating with sufficient accuracy the amount of 
interference caused by much of the electrical apparatus 
which causes trouble. 

4. Technical Position. 

Technically, therefore, the position is that a method of 
determining interference caused by many types of 
apparatus is now available, and in the majority of these 
cases it is not considered that any undue extra expense 
will be involved in the design and construction of such 
apparatus to bring the interference caused down to an 
acceptable standard. 

5. Apparatus to be corrected. 

The apparatus which is likely to cause the most inter¬ 
ference is comprised in the following groups. Most of the 
trouble from radio interference would be eliminated if 
these could be satisfactorily dealt with 

(1) Lifts in buildings. 

(2) Trolley-buses and trams. 

(3) Flousehold electrical appliances. 

(4) Small electric motors used in commercial premises. 

* Of the order of 1 raV/m, modulated 80 %. 
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(5) Neon display signs. 

( 6 ) Certain rectifiers for power p lan t. 

(7) Electro-medical apparatus. 

A brief account of the studies undertaken and the 
piogiess made in connection with the above groups is 
given in an Appendix to this Report (Appendix II). 

6. Ignition Systems and Television. 

In addition to the items listed in paragraph 5 , the 
ignition systems on automobiles must be mentioned 
although at present there is no appreciable interference 
from automobile ignition with ordinary broadcast recep¬ 
tion on its present wavelengths. If, however, such 
systems continue in use uncorrected it is probable that 
there will be interference with television reception. 
How tioublesome this may be will only be known when 
the television service begins. 

7. Other Sources of Interference. 

There are other groups of apparatus which might be, 
and occasionally are, the cause of radio interference, for 
instance, electric signalling gear on railways. So far as 
these groups are the cause of trouble they will doubtless 
be coriected in due couise, but they are not at the present 
time to be reckoned amongst the major causes of radio 
interference. 

8. Progress achieved. 

The progress towards precise definition of the best way 
of measuring the interference caused by apparatus in each 
of the above groups, and the most effective method of 
correction, is gi-eater in some than in others, but with all 
of them we can say that, technically, radio-interference 
cori'ection is possible, although, from the point of view of 
cost, some cases are relatively more expensive to rectify 
than others. In all groups a considerable measure of 
radio-interference correction has been taking place during 
the last few years, as a result of Post Office activity 
combined with voluntary application of the indicated 
remedies. But this has only been effected in individual 
cases and as the result of listeners’ complaints. 

9. Traffic Signals. 

The first case in which radio-interference correction 
was in effect made compulsory was that of traffic signals. 
The Ministry of Transport require all traffic signals to be 
supplied to British Standard Specification No. 505—1933. 
The fitting of correcting components was, from the first, 
one of the requirements of this B.S. Specification, and the 
result has thus been achieved without serious difficulty. 

10 . Trolley-buses. 

A second case in which much practical progress has 
been made is that of trolley-buses, where again the 
Ministry of Transport have influence in securing atten¬ 
tion to the matter on the part of those who are in a 
position to help, and who have in fact co-operated 
willingly with the Ministry to this end. 

11. Compulsory Powers versus Voluntary Action. 

As it became clear to us that the various technical 
aspects of the problem were approaching solution, we 
felt we ought to give renewed consideration to the 


Important question whether compulsory powers should 
be conferred on some Authority to require radio-inter¬ 
ference suppression in cases in which it appears that this 
will not be achieved effectively without the application 
of such powers. It became evident from the discussions 
of the Committee that the maj ority of members did not 
consider that effective interference suppression would 
result if the improvement of the position were to be left 
solely to voluntary effort. The manufacturers of appli¬ 
ances and plant which are liable to cause interference 
definitely support this view, and they consider that there 
should be some recognized Mark, which could be affixed 
to all portable appliances as a guarantee that such 
appliances comply with the requirements, and that the 
sale of appliances which do not meet with these require¬ 
ments should be prohibited. Further, it is essential that 
imported articles should be subject to the same regula¬ 
tions as home-produced articles and should bear the 
Mark, and it is only through legislation that this question 
can be dealt with successfully. Frequently it is not the 
man who buys and uses the apparatus, but his neighbour, 
who suffers from the resulting interference. For these 
reasons, and also because of the difficulty of dealing with 
imported apparatus, the British Electrical and Alli ed 
Manufacturers' Association is in favour of some form 
of compulsion. 

12. Form of Compulsory Powers in connection with 

New Apparatus. 

It appeared to the majority of the Committee that the 
problem was one which could best be solved satisfactorily 
powers to some Authority, acting under 
suitable technical guidance and safeguards, to issue, from 
time to time, regulations appropriate to the design, use, 
and maintenance, of apparatus coming under each group 
of equipment—in order to ensure that all apparatus 
scheduled in the Regulations and sold after certain 
prescribed dates would be “ interference-free.” This 
course, furthermore, was favoured on the ground that the 
standards and procedure in the more difficult cases would 
not require to be defined until the specific technical 
groundwork was soundly laid. Procedure in making 
and applying regulations would thus be by stages. 

13. Views of Committee. 

The Committee arrived at the above-mentioned 
decision by a majority of 13 to 5 , the majority in¬ 
cluding representatives speaking officially on behalf 
of the Incorporated Municipal Electrical Association 
and the British Electrical and Allied Manufacturers’ 
Association, 

14. Cost of effecting Suppression of Interference in 

Existing Apparatus. 

Although the cost of correcting existing apparatus is 
undoubtedly higher than the cost involved if the ap¬ 
paratus is designed initially to be “interference-free,” 
it has been found that the cost of effecting the required 
degree of suppression of existing apparatus or plant is 
usually but a small percentage of its original cost. Thus 
in the case of small apparatus it may amount to only a 
few shillings. For electric lifts in flats it will probably 
in many cases amount to £16-£25. 
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15. How Existing Apparatus has been dealt with. 

In the large number of complaints with which the Post 
Office have dealt (now approximately 40 000 per annum) 
the cost of the suppression device has been paid for by 
the owner of the apparatus as a matter of goodwill on his 
part. But we are informed that a recent analysis shows 
that in some 4 or 5 per cent of the cases the owner has 
not been willing to meet the expenditure. In some of 
these cases the expenditure would doubtless amount to a 
sum which the owner does not feel he-can afford. 

16. Regulations in connection with Existing Apparatus. 
The majority of the Committee hold the view that, 

where an undue amount of interference is being caused 
by existing apparatus and plant, i.e. installed before the 
date prescribed in the Regulations in respect of new 
apparatus, such apparatus also ought generally to be 
subject to regulations in respect of suppression equip¬ 
ment, use, and maintenance. The question of whether or 
no it would be right to compel the owner to defray the 
cost of correcting apparatus which he has purchased and 
was using before the enforcement of regulations is one of 
general ethics or of State policy which, in our opinion, 
only the legislature can decide. 

The Committee make no recommendations on this 
issue but desire to draw attention to the following 
considerations:— 

(a) It is most desirable that nothing proposed in this 

report, and no subsequent discussion or action in 
connection with it, should do other than encourage 
the goodwill shown by most owners in voluntarily 
correcting existing apparatus when they are made 
aware that it is causing interference. 

(b) There must undoubtedly be some cases of inter¬ 

ference from existing apparatus in which the 
owner cannot reasonably be expected to bear the 
cost of correction if the latter should be deemed 
essential. 

(c) Where interference is caused by failure to maintain 

apparatus in good condition, the Committee 
consider that no hardship is involved in requir¬ 
ing an owner to attend to this maintenance. 

{d) It should be pointed out that anyone installing 
apparatus that is likely to cause interference 
with radio reception in its vicinity may be 
expected, where reasonably possible, to equip 
such apparatus with suppression devices where 
such are readily available. If the owner has not 
taken such steps arid it is ultimately found that 
undue interference is caused, the Committee 
consider that it would not be unreasonable that 
the owner should bear the cost of suppression, 
subject to suitable safeguards. 

17. Conclusions. 

Having given due consideration to all these questions, 
as regards both existing and new plant and apparatus, 
the Committee make the following recommendations as 
to the appropriate body for issuing Regulations and also 
as to the application of the Regulations to existing as 
well as to new apparatus. 


18. RECOMMENDATIONS 

The Electricity Commissioners should be given powers 
to issue Regulations to suppress interference with radio 
reception caused by both new and existing electrical 
appliances, plant, or machinery. 

19. 

The Commissioners would not issue any Regulations 
in respect of both new and existing apparatus or plant 
until after they had been satisfied:— 

(i) that the apparatus or plant was causing undue 

interference; 

(ii) that in the case of new apparatus it could without 

undue expense be altered in design or equip¬ 
ment so as to bring interference down to a 
satisfactory minimum; and 

(iii) that in the case of apparatus already installed the 
interference caused could not be more easily 
eliminated by reasonable alteration of the 
receiving apparatus. 

20 . 

The Electricity Commissioners should also have powers 
to make regulations as to the use of any electric appliances 
(both new and existing) which may cause interference 
with radio reception, including requirements as to the 
proper maintenance of all such appliances. 

21 . 

The Commissioners should have power to require any 
scheduled apparatus sold after dates to be stated in 
the Regulations to bear a prescribed distinguislung Mark 
as a guarantee that it complied with the Regulations. 
This should, of course, apply to imported as well as 
to British-made apparatus. 

22 . 

All interested parties should have an opportunity of 
applying for the issue or amendment of Regulations and 
of being heard before the Commissioners take action in 
regard to any specific apparatus. 

23. 

The Regulations in respect of the various classes of 
apparatus should either define the permissil^le limit of 
interference (as mentioned in paragraph 2), or, in parti¬ 
cular cases, schedule the method which could be used to 
prevent interference. 

24. 

The Commissioners should also have powers to amend 
the Regulations from time to time in order that progress 
in the branches of the electrical industry affected may 
be fostered. 

25. 

The Commissioners should also have powers to hear and 
allow or disallow appeals against the application of the 
Regulations in particular cases. 

26. 

The Commissioners should be empowered to hold any 
Inquiries and institute such research as they may con- 
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sider necessary for the purpose of carrying out the duties 
to be imposed upon them. 


27. 

The Commissioners may find it desirable to have an 
Advisory Committee, representative of the principal 
organizations concerned, to advise them on technical and. 
other matters arising out of their duties under these 
proposals. 

28. 

The Post Office should have powers to enforce the 
application of the Regulations, subject to appeal to the 
Commissioners. 


29. 

Although the Committee consider that any recom¬ 
mendation as to meeting the cost of suppressing inter¬ 
ference from existing apparatus is outside their province, 
nevertheless they recommend that where the Post Office 
ascertain, after complaints have been received, that undue 
interference is being caused to a substantial number of 
broadcast receivers by any equipment installed before 
the prescribed date (referred to in paragraph 21) and of 
a type scheduled in the Regulations, provision should be 
made which would enable the Commissioners to require 
such apparatus to be rendered interference-free within 
such time as may appear to them reasonable in respect 
of each particular type of apparatus, having regard to all 
the circumstances of the case. 

30. 

All costs incurred by the Commissioners in preparing 
and issuing the Regulations, and in carrying out any 
duties which may be imposed upon them, and all costs 
of the Post Office in investigating complaints and 
enforcing the Regulations, should be defrayed out of 
the quota of the Wireless Receiving Licence Fees 
which the Post Office retain. 

31. 

The Committee consider that where some appropriate 
body, other than the Electricity Commissioners, already 
have powers to require the suppression of interference 
(as exercised by the Ministry of Transport in connection 
with trolley-buses) no alteration of procedure is neces¬ 
sary, provided these powers are adequate. The Com¬ 
mittee wish to emphasize, however, that, subject to 
proper safeguards, adequate powers should be given to 
some appropriate body to issue Regulations for the sup¬ 
pression of interference wherever it occurs. 


APPENDIX I 

Constitution of Committee. 

The President (ex-officio). 

C. C. Paterson, O.B.E. (Chairman) 
Lieut.-Col. A. G. Lee, O.B.E., M.C. 

(Vice-Chairman) . . . . 

J. M. Kennedy, O.B.E. 

F. W. Purse 
L. B. Turner, M.A. 

VoL. 79. 


[_ nominated by the 
Council. 


Body. Representative. 

Air Ministry .. . . . . Capt. A. K. Toul- 

min-Smith, B.A. 

Association of Consulting Engi¬ 
neers .. .. . . . . Sir Arthur Preece 

Association of Supervising Elec¬ 
trical Engineers . . • ■ J. Munro 

British Broadcasting Corporation Sir Noel Ashbridge 
British Electrical and Allied In¬ 
dustries Research Association . . E. B. Wedmore 
British Electrical and Allied 
Manufacturers' Association . . C. Rodgers, O.B.E. 
Central Electricity Board . . Johnstone Wright 

Electricity Commission . . J. M. Kennedy, 

O.B.E, 

E.R.A. Interference Sub-Com¬ 
mittee .. .. . . .. A. H. Bennett 

Electrical Contractors’ Associa¬ 
tion .. .. . . . . H. Willoughby Ellis 

General Post Office .. .. Col. A. S, Angwin, 

D.S.O., M.C., 

B.Sc.(Eng.) 

Incorporated Association of Elec¬ 
tric Power Companies • - J- M. Donaldson, 

M.C. 

Incorporated Municipal Electrical 

Association .. . . .. Major E. A. Barker, 

M.C. 

International Electrotechnical 

Commission .. . . .. P. Good 

London Electricity Supply Asso¬ 
ciation .. .. .. .. R. S. Downe 

Municipal Tramways and Trans¬ 
port Association . . .. C. O. Silvers 

National Physical Laboratory .. F. M. Colebrook, 

B.Sc. 

Provincial Electric Supply Asso¬ 
ciation ., ,, ,. .. T. A. Pond 

Radio Manufacturers' Association J. Joseph 
Radio Society of Great Britain .. J. Clarricoats 

Railway Companies' Association 

Society of Motor Manufacturers 

and Traders .. .. .. A. T, Priddle 

Tramways, Light Railways and 

Transport Association ., .. P. M. Hunt 

Wireless Retailers’ Association of 
Great Britain and Northern 
Ireland .. .. .. ., A. E. Betambeau 


Technical Secretariat : F. W. Endicott (British Broad¬ 
casting Corporation), W. D. Owen (Electrical 
Research Association), G. A. Struthers (General 
Post Office), and PI. Wallis (Institution of Electrical 
Engineers). 


APPENDIX II. 

Investigations carried out and Work in Hand. 
Sub-Committees. 

- At the first meeting of the Main Committee on Inter¬ 
ference in June, 1933, it became evident that information 

14 
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would have to be collected as to the types of apparatus 
which formed the chief sources of interference, the best 
methods of reducing interference on the several t 3 rpes, 
and the cost of such methods. Four Suh-Committees 
were accordingly set up to deal with the following 
matters:— 

Sub-Committee A: Domestic apparatus, including re¬ 
frigerators, fans, vacuum cleaners, 
etc. 

Sub-Committee B: Larger electric plant, including 
generators, motors, lifts, mer¬ 
cury rectifiers, etc. 

Sub-Committee C: Traction, including trolley-buses, 
tramwa 3 '’s, and electric railways. 

Sub-Committee D: Automobiles and aircraft. 

A further Sub-Committee (E) was subsequently set 
up to report on the effectiveness of the means (and the 
cost of such means) of dealing with interference apart 
from suppression at the source. 

The Sub-Committees reported that methods were 
known which could be applied to the reduction of most 
forms of radio interference, and that the cost of such 
methods was, in general, but a small percentage of the 
cost of the interfering apparatus itself. 

The above-mentioned Sub-Committees referred to the 
British Electrical and Allied Industries Research Asso¬ 
ciation and to the General Post Office a number of 
investigations relating to the question of the suppression 
of interference due to:— 

(a) Trolley-buses 

(b) Electric lifts 

(c) Mercury-arc rectifiers 

(d) Ignition systems. 

The E.R.A. and the G.P.O. prepared a number of reports 
based on their investigations, and the memoranda 
referring thereto have been circulated to the appro¬ 
priate Committees and to the other interests concerned. 
A list of such Reports is given at the end of this Appendix. 

There has been a ver}?- gratifying amount of co-opera¬ 
tion amongst the various branches of the industry con¬ 
cerned, notably the British Broadcasting Corporation, 
the General Post Office, the Electrical Research Asso¬ 
ciation, the B.E.A.M.A., and the various supply authori¬ 
ties and transport undertakings. 

British Standard Specifications. 

On the conclusion of the work of the I.E.E. Sub¬ 
committees it was decided by the I.E.E. Main Com¬ 
mittee that appropriate standard specifications should 
be prepared dealing with the components required 
for suppression devices, the standardization of a suitable 
measuring instrument for radio interference, and the 
defining of a Mark for use in " Radio-Interference-Free ” 
apparatus At their request the British Standards 
Institution set up appropriate committees and the 
following Specifications have been issued or are now 
in course of preparation:— 

(1) B.S.S. No. 613-1935, for Components for Radio- 
Interferen^ Suppression Devices, was issued in June, 
1936. This Specification gives the standard ratings 


for general components (condensers, resistors, and 
inductors or chokes) used in making up suppression 
devices for use with machines and appliances operated 
from supply mains of voltages not exceeding 600 (ex¬ 
cluding traction equipment). Various wa^'-s of arranging 
such components are described in an Appendix, and a 
further Appendix gives some general indications of 
value of components which have been found satis¬ 
factory in practice. 

Owing to the fact that there is a considerable dis¬ 
parity in the amount of suppression required on machines 
of the same type, but of different manufacture, in order 
to reduce the interference to reasonable dimensions, it 
was not found possible in this Specification to recommend 
definite values for components which would be suitable 
in all cases for each particular item, and some latitude 
in the choice of such components had to be given; a 
range of components is therefore given in the Speci¬ 
fication in respect of each item. 

(2) A Specification is in course of preparation for a 
measuring instrument which will be suitable for the 
measurement of interfering voltages. This Specifica¬ 
tion will describe the characteristics and performance 
requirements as recommended by the Special Inter¬ 
national Committee on Radio Interference (C.I.S.P.R.) 
and will also give detailed design particulars of a portable 
measuring set of convenient size and weight for use if 
required at works. 

This testing set will enable manufacturers to ascertain 
what values of components should, be used in order to 
reduce the amount of interference to prescribed limits 
and thus enable the apparatus to qualify for the “ Radio- 
Interference-Free ” Mark, 

In certain types of interference the testing set may 
not be applicable and it will then be necessaiy to specify 
actual values of the components to be used for sup¬ 
pression, 

(3) Specifications are also in hand for dealing with 
interference due to:— 

(a) Trolley-buses and tramways 

(b) Neon signs 

(c) Ignition systems 

(d) Electric lifts. 

In the case of (b) and (d) these Specifications will be 
issued as Appendices to the Main Specifications dealing 
with the construction and operation of these two items. 

(4) A further Specification, will be put in hand as soon 
as the necessary information is available, setting out 
for the various classes of apparatus the permissible 
limits of interference which must not be exceeded in 
order to qualify for the Mark, and a definition of the 
" Radio-Interference-Free " Mark. 

It is understood that the G.P.O. are arranging to 
carry out further tests on apparatus of various makes 
and to collect the necessary data in order to complete 
the above work. Through the co-operation of manu¬ 
facturers and retailers a number of machines have 
already been tested in the G.P.O. and E.R.A. labora¬ 
tories, but, owing to the magnitude of the task, manu¬ 
facturers are being invited to co-operate in this work 
by permitting the necessary investigations to be carried 
orxt at their works. 
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International Electrotechnical Commission. 

Fiom. the outset it appeared, necessary in the in¬ 
terests of export trade to reach intei'national agreement 
on the desirable degree of suppression and the method 
of measurement of interference, and, with this end in 
view, to co-operate with other countries in arriving 
at some agreed standard of the principles to be adopted 
in the measurement of interference and of the protec¬ 
tion which it would be necessary to give to listeners in 
order that satisfactory reception of broadcast programmes 
might be possible. 

An International Special Committee on Radio Inter¬ 
ference (C.I.S.P.R.) was therefore set up by the I.E.C., 
and the first meeting was held in Paris in June, 
1934. This was followed by meetings in Berlin and 
London. 

The first practical step taken was to specify the 
recjuirernents of measuring etjuiprnent which would be 
suitable for the measurement of interfering voltages. 
The apparatus in use in the various countries was com¬ 
pared. After various types of noise as heard on a 
loud-speaker were measured on a low-frequency measur¬ 
ing instrument, the C.I.S.P.R. specified the requirements 
of such an instrument which would give readings corre¬ 
sponding to the annoyance heard on a loud-speaker 
independently of the type of noise (continuous, im¬ 
pulsive, etc.). 

The International Committee further recommended 
that, with a field strength of programme transmission of 
1 mV/m modulated at 80 per cent, the level of disturb¬ 
ance should be at least 40 decibels below the peak values 
of the programme transmission. 

I he next step to be taken was to determine the 
maximum interfering voltage which could be tolerated 
at the terminals of a machine or appliance. 

As the signal/interference ratio observed on receiving 
apparatus depends on:— 

(i) the radio-electric field of the wave received and 
on the wavelength; 

(ii) the coupling factor between the interfering source 
and the receiving apparatus; 

(iii) the interfering voltage created by the electrical 
machine or appliance; 

a largo number of tests were therefore carried out in this 
country and elsewhere on the effective height of listeners’ 
aerials; the attenuation between the mains and the 
listener’s aerial system; and the values of the interfering 
voltages from machines as measured at the terminals of 
the machines and also at the aerial-earth terminals of 
broadcast receivers. As a result of these tests and after 
consideration of the economic aspects of the problems 
involved, the technical experts appointed by the 
C.I.S.P.R. decided at their meeting in London in 
May, 1936, to recommend to the full International 
Committee that the values of the permissible interfering 
voltage at the terminals of machines should be reduced 
by progressive steps, values for long and medium waves 
being stated for immediate application, further lower 
values being recommended for adoption after a period of 
two years, and finally a common value for medium and 
long waves which it is desirable to adopt as early as 
possible in order to protect the largest percentage of 


listeners consistent with the limitations imposed by 

technical and economic considerations. 

The values to be adopted for Great Britain as a result 

of the above international work still remain to be decided. 

List of E.R.A. Reports. 

M/T27;—" Simple Apparatus for Comparative Observa¬ 
tions of Radio Interference produced by 
Electrical Appliances.” 

M/T28:—S. Whitehead and W. Nethercot: "The 
Suppression of Short-Wave Radiations from 
Automobile Ignition Systems.” 

M/T29:—S. Whitehead and L. H. Daniel: "The 
Suppression of Broadcast Interference from 
Trolley Buses.” 

M/T30: Some Considerations in the Measurement and 

Suppression of Radio Interference.” 

M/T39:—S. Whitehead and L. H. Daniel: ” The 
Magnitude of the Radio-Frequency Dis¬ 
turbance from Trolley Buses, and the Use of 
Condensers and other Devices in its Sup¬ 
pression.” 

M/T42:—S. Whitehead and L. H. Daniel: "The 
Suppression of Broadcast Interference from 
Electric Lifts.” 

M/T44:— W. Nethercot and W. D. Oliphant: "The 
Properties and Performance of the E.R.A. 
Short-Wave Receiver for Field-Strength 
Measurements.” 

M/T45:~S. Whitehe.^d and L. H. Daniel: "Methods 
of Measurement of Radio Interference.” 

List of G.P.O. Documents and Publications. 

Post Office Electrical Engineers' Journal. 

P. L. Barker and A. H. Mumford : " A Field-Strength 
Measuring Set using Thermal Agitation Noise as the 
Calibratiug Source,” 1935-36, vol. 28, p. 40. 

A. C. Warren: " Broadcast Interference Investiga¬ 
tion. Post Office Radio Service,” 1935-36, vol. 28 
p. 23. 

Institution of Post Office Electrical Engineers. 

A. S. Angwin: Paper No. 137; “Interference wfith 
Wireless Reception arising from the Operation of 
Electrical Plant,” 1932. 

Telephone and Telegraph Journal. 

A. S. Angwin: “ Electrical Interference with Broad¬ 
casting,” 1933, vol. 19, p. 200. 

P.O. Radio Branch, Interim Report. 

“ Interference with Wireless Broadcast Reception by 
Tramway and Trolley-Bus Systems,” November 
1935. 

Post Office Printed Pamphlets. 

“ Suppression of Radio Interference.” 

“ Good Wireless Reception.” 

" Electrical Interference.” 

P.O. Radio Reports. (Not printed for publication.) 

No. 178. "The Investigation of Interference by 
-^Electric Lifts with Broadcast Reception.’ 
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No. 192. 
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No. 318. 
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" Some Considerations relating to the 
• Measurement of Radio Interfering 
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denser,” 

” Further Considerations relating to the 
Measurement of Radio Interfering 
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A. Morris: “Interference of Electrical Plant with 
Reception of Radio Broadcasting,” 1934, vol. 74, 
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A. Morris: “ The Technique of Radio Interference,” 
1934, vol. 35, p. 445. 

Electrical Power Engineer. 

J. Neale: “Broadcast Interference,” 1935, vol. 17, 

p. 610. 

Electrician. 

“ Trolleybuses—Methods of suppressing Radio Inter¬ 
ference,” 1936, vol. 116, p. 482. 



MAGNETIC CHARACTERISTICS OF NICKEL-IRON ALLOYS WITH 

ALTERNATING MAGNETIZING FORCES* 


By EDWARD HUGHES, Ph.D., D.Sc., Member. 

{Paper first received 24:th September, 1935, and in final form Uh January, 1936.) 


SUMMARY 

The magnetic properties of thin mumetal and permalloy 

C laminations have been determined with sinusoidal 
alternating magnetizing forces, and it has been found that 
for magnetizing forces of the order for which the d.c. per¬ 
meability is a maximum, the a.c. permeability at. say. 50 cycles 
per sec. may be less than a tenth of the corresponding value 
with direct current; whereas for comparatively large magnetiz¬ 
ing forces the a.c. and d.c. permeabilities are practically 
identical. 

The a.c. flux densities were determined by {a) a mechanical 
rectifier, (6) a cathode-ray oscillograph, and (c) the Maxwell 
and the Campbell bridges. Also, by means of the cathode-ray 
oscillograph, B—U loops were obtained at various frequencies 
up to 75 cycles per sec. It is shown that these loops become 
moie elliptical as the frequency is increased; but it is pointed 
out that this is not due to the flux at a given point of the 
lamination becoming more sinusoidal, but to the average 
effect of a flux varying enormously in density and in phase 
over the section of the lamination. 

.riie method given in textbooks for calculating the mean 
flux density in thick iron laminations due to an alternating 
magnetizing force assumes the permeability to remain con¬ 
stant at a value equal to the maximum d.c. permeability. It 
is shown iii this paper that such a method accounts for only a 
small fraction of the difference between the densities obtained 
with alternating and direct current; and it is suggested that a 
much closer estimate of the a.c. flux density may be made by 
using the differential permeability derived from the d.c. 
hy.steresis loops instead of the maximum d.c. permeability. 

A peculiar dissymmetry was observed in the B-H loops 
obtained with alternating magnetization, this dissymmetry 
being most marked when the maximum magnetizing force 
was in the neighbourhood of that corresponding to maximum 
d.c. permeability. The dissymmetry was perfectly stable but 
could be reversed by the momentary application of a com¬ 
paratively large magnetizing force. It could not be reversed 
by reducing the flux to zero and increasing it again to the 
original value. No explanation has been found for this 
phenomenon. 

The iron loss at 60 cycles per sec. was measured by the 
Maxwell and the Campbell bridges, and was found to vary 
approximately as the 1 ■ 7th power of the maximum flux 
density over a very considerable range of the latter. 

It is shown that although the impedance of an iron-cored 
choke may be balanced by a resistance and inductance in 
series in the Maxwell bridge, the flux linkages per ampere 
and, therefore, tire maximum flux density for the same 
number of turns, may be far smaller for the equivalent 
inductance than for the actual choke; and the method usually 
given for calculating the maximum flux density for iron-cored 
chokes from Maxwell-bridge tests may be in considerable 
error. It is also shown that values of maximum flux density 
based upon the equivalent impedance, instead of tire equivalent 
reactance, are in reasonably close agreement with those 

f The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to wliich they relate. 
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determined with the cathode-ray oscillograph. Further, the 
values thus calculated from the Maxwell-bridge results are in 
agreement with those obtained with the Campbell bridge. 


INTRODUCTION 

It is well Icnown that the maximum d.c. permeability 
of nickel-iron alloys may exceed 100 000. These alloys, 
however, are almost invariably employed in a.c. circuits, 
so that the variation of flux density with alternating 
current is of much greater practical importance than the 
corresponding relationship with direct current. 

All the a.c. tests referred to in this paper were made 
with sinusoidal current. Owing to the high cost of nickel- 
iron alloys-, test specimens are usually small, and owing 
to their high permeability it is seldom necessary to work 
with a magnetizing force exceeding 0-4 oersted. The 
p.d. across the primary winding is, therefore, very small; 
and the necessity of inserting a suitable current- 
measuring device in series with the primary renders it 
practically impossible to apply a sinusoidal voltage 
across that winding. On the other hand, when a 
sinusoidal supply voltage is available it is possible to 
ensure almost a perfect sinusoidal current by merely con¬ 
necting a high non-inductive resistance in series with the 
primary. 

One advantage of using a sinusoidal primary current 
is that the maximum magnetizing force can be calculated 
from [imjlOfilpTpIl) x 1'414, where Ip is the efiective 
value of the primary current, Tp is the number of primary 
turns, and I is the mean length of the specimen. It is 
realized that such procedure may be open to objection 
in view of the fact that for nickel-iron alloys the current 
and the flux do not usually attain their maxima at the 
same instant (see B—H oscillograms of Figs. 6, 8, and 9). 
On the other hand, there seems no reason to doubt that 
at the surface of the laminations the two quantities do 
reach their maxima simultaneously. Before some of the 
factors discussed in the paper were appreciated, attempts 
were made to estimate the wave-form of the demagnetiz¬ 
ing m,m.f. due to the eddy currents, but it was subse¬ 
quently realized that such calculations were entirely 
fictitious and therefore valueless so far as the definition 
of the maximum magnetizing force was concerned. 
After the experimental work described in this paper had 
been nearly completed, a paperf was published by Webb 
and Ford in which the same method of calculating the 
maximum magnetizing force was adopted. 

Particulars of Specimens and Coils. 

(A). Mumetal ring, consisting of 30 stampings, each 
7]^ X 6 ]^ X 0-015 in., shellac-varnished on both sides 

t “ -A-.C. Permeability and the Bridge Method of Magnetic Testing,” Journal 
i.E:.£., 1935, vol. 76, p. 185. 

3 ] 
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Fig. 1.—Comparison of d.c. and a.c. permeabilities on 0’016-in. miimetal laminations. 

Curve A.—D.C. results, 07-0 for increasing H. and x—x for decreasing H. 

Curve B.—A.C. results with mechanical rectifier, 21 cycles per sec. 

Curve C.—^A.C. results with mechanical rectifier, 30 cycles per sec. 

Curve D.—^A.C. results with oscillograph, 20-0 cycles per sec. 

Curve E,-—A.C. results with oscillograph, 50 cycles per sec. 

Curve F.—^A.C. results with oscillograph, 76 cycles per sec. 

Curve G.—Calculated flux densities, 80 cycles per sec. (Table 2 ). 



Fig.2.—Comparison of d.c. and a.c. permeabilities on 0’014-in. permalloy '' C ” laminations. 

Curve A.—^D.C. results. 

Curve B.—^A.C. results with mechanical rectifier, 21 cycles per sec. 

Curve C.—A.C. results with mechanical rectifier, 30 cycles per sec. 

Curve D.—^A.C. results with oscillograph, 50 cycles per sec. 
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before assembly. Sectional area of iron = 1-452 cm^; 
mean periphery of ring = 52-4 cm. Primary winding: 
670 turns of thick flexible cable, wound uniformly over 
the specimen, havmg a d.c. resistance of 0-092 ohm. 
Secondary winding: 670 turns of No. 30 S.W.G. copper 
wire, wound as uniformly as possible. The assembled 
laminations were loosely wrapped with several layers of 
cotton tape before the winding was put on, every pre¬ 
caution being taken to avoid subjecting the mumetal to 
mechanical strains. 

Another mumetal specimen, consisting of only 6 
stampings, was very carefully wound and tested to dis¬ 
cover whether certain unexpected characteristics of the 
larger specimen were due to any strains to which it might 
have been accidentally?' subjected and whether they were 
affected by the number of laminations. As the results 
were almost the same for the two specimens, no further 
reference is made to the smaller specimen. 

(B). Permalloy “ C " ring, consisting of 6 stampings, 
each 3 x 2 - 5 ^^ X 0-014 in. (approx.). Sectional area of 
iron = 0-253 cm2; mean periphery = 20-2 cm. The 
laminations, inteideaved with thick paper rings, were 
assembled in an annular ebonite trough which was then 
filled with cotton wool, loosely packed, and covered with 
an ebonite ring. Primary winding: 21 turns of thick 
flexible cable, uniformly wound. Secondary winding: 
878 turns of No. 28 S.W.G. copper wire, wound as 
uniformly as possible. 

Tests. 

The tests referred to in this paper may be grouped 
thus:— 

(a) D.C. tests. 

(&) A.C. tests with ( 1 ) a mechanical rectifier, 

( 2 ) a cathode-ray oscillograph, 

(3) the Maxwell and the Campbell 

bridges. 

DIRECT-CURRENT TESTS 

The specimens were demagnetized with alternating 
current, and the B-H relationship was derived first with 
increasing values of H and then with decreasing values. 
The results are represented by curves A in Figs. 1 and 2 . 
With permalloy “ C,” it was found that the flux densities 
were practically the same for decreasing as for increasing 
values of H ; whereas with mumetal there was quite an 
appreciable difference at the lower portion of the curve. 
The tests were repeated several times with quite con¬ 
sistent results. 

For purposes of comparison with results obtained with 
alternating current, a number of hysteresis loops were 
taken on specimen " A ” and these have been plotted in 
Fig. 3. 

ALTERNATING-CURRENT TESTS WITH 
MECHANICAL RECTIFIER 

An inspection of the d.c. characteristics gave the 
impression that a sinusoidal primary current would be 
accompanied by a vei-y distorted e.m.f, wave; and as the 
secondary voltages available did not exceed about 
10 volts it was impossible to measure the mean voltage 
by means of a thermionic valve or a copper-oxide 
rectifier. A synchronous commutator was not available, 
but a very effective substitute was found by driving, by 


means of a d.c. motor B (Fig. 4), a 2-part rectifier of the 
secohmmeter type, connected as shown. By this means 
the secondary circuit, consistmg of a winding S, a pivoted 
centre-zero moving-coil galvanometer G,"”and a high 
resistance r, was closed during half a revolution of the 
rectifier. The latter was run at approximately syn¬ 
chronous speed, and the speed of the d.c. motor was 
adjusted by means of a potentiometer C until the gal¬ 
vanometer pointer oscillated very slowly, when it became 
a simple matter to note the maximum deflection. The 
demagnetizing ampere-turns of the secondary were 
negligible compared with the primary ampere-turns. 



Fig. 3.—D.C. hysteresis loops on 0-015-in. mumetal 
laminations. 


The galvanometer was calibrated in terms of average 
voltage by substituting for S a low variable resistance 
connected in series with an air choke to the a.c. supply 
and noting the maximum galvanometer deflections for 
various sinusoidal voltages. 

From the mean value of the secondary e.m.f. and the 
effective value of the primar}?- current, the maximum flux 
density and the maximum magnetizing force respectively 
were calculated. These tests were carried out at 21 and 
30 cycles per sec., and the results are represented in 
Figs. 1 and 2 . At frequencies above about 35 cycles per 
sec. the rectifier did not function satisfactorily. 

In view of the very large discrepancy between the d.c. 
and a.c. results for values of H in the region of maximum 
d.c. permeability, the accuracy of the instruments and 
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of the method was checked by tests on an air-core mutual 
inductance. In this case the d.c, and a.c. results were 
found to be in very close agreement. The above- 
mentioned discrepancy was confirmed by tests made with 
a cathode-ray oscillograph and described in the next 
section. 



Fig. 4.—Circuit for a.c. permeability measurement with 
mechanical rectifier. 


ALTERNATING-CURRENT TESTS WITH 
CATHODE-RAY OSCILLOGRAPH 

The wave-form of the secondary e.m.f. was observed 
by means of a cathode-ray oscillograph fitted with a time- 
base unit, and was found to be unsymmetrical over the 
range of magnetizing force corresponding to the dis¬ 
crepancy between the d.c. and a.c, permeabilities referred 
to in the preceding section, the maximum dissymmetry 
coinciding roughly with the maximum discrepancy. 
This dissymmetry appeared more as an inequality in the 
duration of the positive and negative half-waves than in 
the apparent shape of the two halves, the wave-form 
being somewhat similar to curve E in Fig. 10. The time 
base did not seem sufficiently accurate to justify the 
analysis of the e.m.f. waves obtained therewith, and it 
was found better to employ the circuit showm in Fig. 6 
and obtain polar oscillograms of primary current and 
secondary e.m.f. Fig. 6 shows a few typical examples of 
such oscillograms for the mumetal specimen at 50 cycles 
per sec. In all these oscillograms, deflection due to the ■ 
magnetizing force is along the horizontal axis. 

It was thought at first that as the dissymmetry in these 



E-H loops always appeared in the same direction, it must 
be due to the polarizing effect either of direct current or 
of the earth's magnetic field. The first possibility was 
ruled out by inserting condensers in the four leads 
between the oscillograph and the primary and secondary 
circuits, by supporting the H.T. source of the oscillograph 
on wax, etc. Also, a tertiary winding was put on the 


ring and connected through a large choke and a variable 
resistance to a battery. This direct current was adjusted 
to make the loop approximately symmetrical, but the 
m.m.f. required was far greater than anything that could 
be accounted for by leakage in the primary and secondary 
circuits. The effect of the earth's field was tried by 



Fig. 6.— E-H and B-H oscillograms for 0’015-in. mumetal 
laminations at 50 cycles per sec. Values of Hmax .:— 
(a) 0-2; (5) 0-17; (c) 0-14; (d) 0-11; (e) 0-08. 

holding the specimen in various positions relatively to 
that field and by placing it inside a mumetal shield, but 
no effect could be observed. The author has shown else¬ 
where* that the flux through such a specimen due to the 
earth's field is in all cases negligibly small. Further, a 
strong permanent magnet had to be brought fairly near 
to the specimen to produce any appreciable effect on the 
shape of these E-H loops. 

After the author had spent a considerable time searchmg 
for the cause of this apparent polarization, he happened 
to short-circuit a resistance in the primary circuit, and 
to his surprise the loop appeared with the dissymmetry 
reversed. It was then found that the momentary appli- 




Fig. 7. — E-H and B—H oscillograms for 0’015-in. mumetal at 
20’6 cycles per sec. Values of Hmax. as in Fig. 6. 


cation of a comparatively large current might result in 
the reversal of the loop. On the other hand, the reduc¬ 
tion of the m.m.f. to zero by means of a potentiometer 
followed by an increase to the original value never re¬ 
sulted in a reversal. Further, the uns 3 nnmetrical loop is 
perfectly stable and the primary current can be switched 

* Electrician, 1934, vol. 113, p. 463. 
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on and off indefinitely without the shape of the loon bein? 
appreciably altered. ° 

It can be shown* that if the secondary winding be con¬ 
nected across a circuit consisting of a high resistance in 



(«) (c) (d) (e) 


Fig. 8.—E-H and B~H oscillograms for 0-016-in. mumetal at 
75 cycles per sec. Values of H^ax. as in Fig.T 


series with a condenser of relatively low reactance, the 
instantaneous voltage across the condenser is directly 
proportional to the flux linkages in the secondary, and 
the amplitude of the voltage across the condenser is 
therefore proportional to the maximum flux density in 
the iron. 

The secondary of the mumetal specimen was connected 
across a 0-121-^17 condenser in series with a resistance 
of 1^ megohm, and the p.d. across the condenser was 
applied, yia a single-stage resistance-capacitance ampli¬ 
fier, to the top and bottom plates of the oscillograph. 
The linearity of the amplifier had already been checked. 
The side plates were connected across a non-inductive 
resistance in the primary circuit. In this way the 
hysteresis loops of Fig. 6 were obtained. 

By applying known sinusoidal voltages across the con¬ 
denser and the 1-MO resistance, the vertical axis of the 
oscillograph was calibrated in terms of the maximum 
flux density in the specimen. Thus, if Jc be the flux 
linkages per mm of deflection on the vertical axis and if 



oscillograms for 0-014-in. permalloy 
„ rJ’ cycles per sec. Values of Hmax.(a) 0 • 148; 
(&) 0-12; (c) 0-0926; (i) 0-074. 


ysnth various values of are represented by curve E 
in Fig. 1. 

This test was repeated at 20- 6 and at 75 cycles per sec. 
A selection of the E-H and B-H oscillograms is given in 



Fig. 10.—Wave-forms of H, B, and B, for 0-015-in. mumetal 
laminations for Hmax. = 0 -14 at 50 cycles per sec. 

Figs. 7 and 8, and the flux densities are represented by 
curves D and F respectively in Fig. 1. 

Fig. 9 shows the E~H and B-H oscillograms obtained 
at 50 cycles per sec. on permalloy “ C,” and the cor- 



Fig. 11.— B-H curves. 

Derived from B-M oscillogram. 

• Enlarged B-B. oscillogram, Fig. 6 (c). 


d mm be the deflection when a sinusoidal voltage having 
an effective value V and frequency / is applied; then 

V X 10® 

Maximum flux linkages =-— = hd 

4 * 4:4: J 

Hence h can be determined; and the maximum flux 
densities calculated from vertical deflections obtained 

* C. R. CosiSN.s: Wireless Engineer, 1935, vol. 12, p. 190. 


responding variation of maximum flux density with 
maximum magnetizing force is represented by curve D in 
Fig. 2. 

It was felt desirable to check the agreement between 
the E—H and the B-H loops and at the same time to 
derive the wave-forms of e.m.f. and of flux. The dis¬ 
symmetry in the case of the mumetal specimen operating 
at 50 cycles per sec. appeared most pronounced when the 
peak magnetizing force was about 0-14 oersted; conse- 
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quently, oscillograms for this condition were taken for 
comparison. 

Owing to the induced e.m.f. being proportional to the 
rate of change of flux, the dissymmetry of the E-H loop 
is far more pronounced than that of the B-H loop, so 
that the former was taken as the starting-point, and the 
wave of e.m.f., E in Fig. 10, was derived from the E-R 
loop of Fig. 6(c) for a sinusoidal magnetizing force having 
a maximum value of 0 ■ 14 oersted. From the data given 
for the mumetal specimen it follows that 

Induced e.m.f. = e = — 670 x 1‘452 x {dB/dt) x 10-^ 
,‘,dB = - 0-103 X 10® X 

The total change of flux density between the positive 
and negative crests of flux was found to be 6 046 lines 
per cm^. From the B-H oscillograms it appeared that 
the two peaks of flux were at least approximately equal. 
On the assumption of equal peaks, the curve of flux 
density, B in Fig. 10, was plotted from a large number of 
values of Je dt. By noting corresponding values of B and 
H in Fig. 10 the full-line polar curve of Fig. 11 was 
derived; andfor purposes of comparison the corresponding 
B-H loop, obtained experimentally, is shown dotted. It 
will be seen that the agreement is sufficiently good to 
confirm the reliability of the oscillograms. 

DISCUSSION OF THE ABOVE RESULTS 
(1) The discrepancy between the d.c. and a.c. 
permeabilities 

In the paper of Webb and Ford, referred to on page 213, 
similar discrepancies, but of much smaller_ magnitude, 
are shown for 0 • 4-mm lohys sheets at 50 cycles per sec. 
and for 0 • 3-mm stalloy sheets at 500 cycles per sec. The 
authors state that" when the a.c. permeability fell below 
the d.c. value, Bjjmx. lagged behind H^ax. amount 

roughly proportional to the difference between the per¬ 
meabilities,” and " suggest strongly that these differences 
are due mainly, if not entirely, to eddy currents.” They 
do not, however, attempt to explain why this discrepancy 
should only appear for values of H,nax. corresponding 
roughly to the maximum d.c. permeability. Also, Gall 
and Sims in a recent paper* give three loops obtained by 
Ewing on a solid steel bar. These loops are so pertinent 
to the present discussion that they have been reproduced 
in Fig. 12. Cycle {a) was performed very slowly, while (&) 
and (c) were taken at increased frequency. It is seen that 
the maximum density decreases and the loop becomes 
more elliptical as the frequency is increased. The 
authors add: ” It is of much interest to search for this 
effect in samples of laminated material, where, though 
necessarily smaller, it may still be in evidence.” It is 
hardly necessary to point out the great similarity between 
Ewing’s loops and the various B-H loops given in this 
paper. 

Gall and Sims suggest that Ewing’s loops '' indicate a 
reduction of flux harmonics with rise of frequency,” and 
point out that " the ellipse is associated with sinusoidal 
.quantities of only one frequency.” Upon this hypo¬ 
thesis they proceed with a mathematical analysis of 
elliptic permeability. It is extremely doubtful, however, 
whether such an analysis does anything more than cover 

* “ On the Theory and Measurement of the Magnetic Properties of Iron,” 
Jourml I,E.E., 1934, vol. 74, p. 46.3. 


Up the facts rather than help to elucidate them, since it 
does not deal with the phenomena which modify the 
shape of the loop. 

It is generally agreed that the decrease of maximum 
flux density with increase of frequency is due to the 
presence of eddy currents, and a method of calculating the 
average flux density is given in a number of textbooks. 
For instance, Steinmetz* shows that the average density 
over the section of a lamination is given by 


Ba 



cosh 2cl — cos 2cl 
cosh 2d -{- cos 2cl, 


( 1 ) 


where B-^ = flux density at surface of lamination, 
I — half thickness of lamination, in cm. 


and 


c = 10-^ X 



ju, = permeability, assumed constant, 
/ = frequency, 
p = specific resistance. 


For the mumetal laminations, 2 = 0-01905 cm, 
p — 4:2 microhms per cm cube, and p, = (say) 60 000, 
namely the maximum d.c, permeability, this being the 



Fig. 12 


value employed by Steinmetz and other authors who 
supplement their proof with an example. Then, for 
f = (say) 30 cycles per sec., 

0 = 41-1 

and B„, — 0^ 902 B^^ 

A comparison of this value with the results given in 
F ig. 1 shows that the theory, as usually interpreted, does 
not account for more than 12 per cent of the decrease in 
flux density observed experimentally. Consequently, it- 
is natural to ask whether there is any justification for 
assuming the permeability (1) to remain constant, (2) to 
be that corresponding to B„iax.lHmax.> a-nd to both 
questions the answer is in the negative. 

. It is evident that if the magnetizing force be increased 
from OC to OD in Fig. 13, the change of flux density is 
CE -f- DF; and the a-verage differential permeability 
over this range is {CE -j- BE)/CD, a value that is fax 

* “Transient Phenomena," 3rd eel., p. 365. 

•f “ Differential permeability " at any point of a magnetization curve is defined 
by Spooner in “ Properties and Testing of Magnetic Materials” (p. 10) as the 
slope of the tangent to the magnetization curve at that point, and is employed 
here to represent dBIAH on the hysteresis loop. 
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greater than even when this corresponds to 

the maximum d.c. permeability. 

Webb and Ford did not give hysteresis loops for the 
specimens tested by them; but from the magnetization 
curves given in their Figs. 2 and 3 it is possible to esti¬ 
mate that the maximum differential permeability may 
be as high as 40 000. As a matter of interest, the ratio 



of the average to the surface density, i.e. BalB. in 
equation (1), has been calculated for differential per¬ 
meabilities of 20 000 and 40 000 respectively, and the 
results are given in Table 1. Specific resistances of 60 
and 40 microhms per cm cube were assumed for stalloy 
and lohys respectively. 

A comparison of these results with those given in 
Figs. 2 and 3 of Webb and Ford's paper shows that they 
are of the right order of magnitude and do give an indi¬ 
cation of the circumstances under which the divergence 
between the d.c. and a.c. permeabilities begins to be 
appreciable. 

If the same method be applied to the mumetal speci¬ 
men whose loops are given in Fig. 3, it is estimated that 
the maximum differential permeability is about 700 000; 
and the corresponding average flux density at 30 cycles 


Table 1 


Material 

Frequency 

Differential 

permeability 

Averag-e density 
Surface density 

0 • 3-mm stalloy. . 

.50 

20 000 

0-993 


50 

40 000 

0-973 

a jj • • 

600 

20 000 

0-665 

}} . 

500 

40 000 

0-44 

0-4-mm lohys .. 

50 

20 000 

0-953 

J/ ,, . . 

. 

50 

40 000 

0-862 


per sec. is only 0‘263 x the surface density, while at 
60 cycles per sec. the ratio is reduced to 0-204. Com¬ 
parison with Fig. 1 shows that even these figures do 
not fully account for the observed decrease of flux 
density. 

As an indication of the complexity of the problem, it 
may be pointed out that, on the assumption of constant 


permeability, the flux density Sq at the centre of the 
lamination is given* by 

B^ = -:-— _ 

V [cosh 2cZ -f cos 2cZj 

= 0 • 0634 X surface density, for mumetal specimen 
at 50 cycles per sec., assuming jju = 700 000. 

Also, the corresponding phase difference between the flux 
at the centre and that at the surface of the lamination is 
cl radians, namely 198° in the above example. 

These figures are sufficient to show the enormous varia¬ 
tion in magnitude and in phase of the flux density over 
the section of the lamination; and since this variation is 
further complicated by considerable variation of the dif¬ 
ferential permeability it is evident that an exact calcula¬ 
tion of the ratio of the a.c. to the d.c. flux density for a 
magnetizing force corresponding roughly to the maxi¬ 
mum d.c. permeability becomes practically impossible. 

So far, only the maximum discrepancy between the 
a.c. and the d.c. permeabilities has been considered. It 
was thought desirable, however, to see whether a com- 


Table 2 



^max. 

from 
d.c. test 

Differential 
permeability 
(= slope of PQ) 

Calculated 

^max. 
With a.c. 

Actual 

^max, 
with a.c. 

0-14 j 

4 620 

7-48 X 10<i 

2 830 

2 570 

0-099 

4 160 

11-25 X 104 

2 120 

1 180 

0-0665 

3 200 

23-0 X 104 

1 140 

370 

0-0424 

2 080 

27-2 X 104 

681 

240 

0-0356 

860 

13-85 X 104 

396 

190 


parativety simple method could be devised to enable an 
approximate estimate of the a.c. flux density to be made. 
Thus, it appeared reasonable to assume that the maxi¬ 
mum flux density would be largely influenced by the 
average differential permeability just before the mag¬ 
netizing force reached its maximum; and as a simple 
measure of this average differential permeability it was 
decided to take the slope of PQ in Fig. 13, where PQ is a 
tangent to the d.c. hysteresis loop. By applying this 
method to the hysteresis loops of Fig. 3 and assuming a 
frequency of 60 cycles per sec., columns 3 and 4 of 
Table 2 were calculated. 

The values of flux density in the fourth column have 
been inserted in Fig. 1, and it would appear that for 
densities above 2 600 the difference between the calcu¬ 
lated and the measured values of B is comparatively 
small. It may be argued that as there is still consider¬ 
able difference between the two sets of values in the 
region of maximum d.c. permeability, the method just 
suggested is of little practical value. On the other hand 
it may be pointed out that even in the worst case the 
method does account for more than 70 per cent of the 
decrease in flux density. 

(2) Dissymmetry of the B-H loop 

No explanation has been found for this peculiar 
phenomenon. It appears to be perfectly definite for 

* Steinmetz, loc. cit. 
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both mumetal and permalloy “ C.” An attempt was 
made to see whether it occurred with sinusoidal applied 
voltage, the oscillograph deflection corresponding to the 
H-axis being produced by a coil of very low impedance 
in series with the primary of the specimen. The B-H 



loops thus obtained had the same characteristic dis¬ 
symmetry and, as before, the B~H loops showed the dis¬ 
symmetry in an accentuated form, though the shape was 
somewhat dijfferent. Also, the dissymmetry could be 
reversed by the momentary application of a relatively 
large voltage, but never by reducing the voltage to zero 
and increasing it again to the original value. The latter 
fact seems to indicate that the B~H loop closes slightly 
above or below the origin. The magnitude of such dis¬ 
placement may be extremely small but just sufficient to 
bias the shape of the loop when the magnetizing current 
is increased. 


mens were small it was decided to do this by means of 
[a) Maxwell’s bridge, and (&) Campbell’s bridge.* Also, 
it has already been shown that the B-H loops for nickel- 
iron alloys are roughly elliptical. Consequently, if the 
magnetizing force be a sinusoid, the flux wave cannot be 
greatly distorted. It was therefore thought that by 
assuming sinusoidal waves it would be possible to calcu¬ 
late, from results obtained from bridge tests, values of 
maximum flux density which would be in fair agreement 
with the actual values already determined by means of 
the cathode-ray oscillograph. 

The tests were made at a frequency of 60 cycles per 
sec., a vibration galvanometer being used as a detector. 
An excellent sinusoidal voltage was available, and in the 
case of the Campbell bridge a sinusoidal magnetizing 
current was assured by connecting a high resistance in 
series with the primary. With the Maxwell bridge the 
same condition was approximated by using non-inductive 
resistances of 3 000 ohms for each of the two arms P and 
Q in Fig. 14. The reactance of L, with the bridge 
balanced, never exceeded 6 ohms, and the resistance 
of the galvanometer circuit was not reduced below 
1 000 ohms. The wave-form of the magnetizing current 
through S was checked on an oscillograph, but no 
departure from a sine wave could be detected, even with 
the maximum magnetizing force employed. 

The ammeters available were of the moving-iron type ; 
consequently it was found more satisfactory to connect 
them as in Fig. 14 rather than insert them in series 
with S. A non-inductive resistance W was found to give 
freedom from earth currents. 

Iron Loss. 

The iron losses were calculated in the orthodox manner, 
and the iron loss per cm® has been plotted against Umax. 



Fig. 15.—Iron loss for 0-015-in. mumetal, 50 cycles per sec. 

X With Csimpbell bridge. 

O With Maxwell bridge. 


ALTERNATING-CURRENT TESTS WITH THE 
MAXWELL AND CAMPBELL BRIDGES 
The methods described earlier in this paper are not 
adaptable for determining the iron loss; and as the speci- 


in Figs. 16 and 16. It is seen that the results obtained 
with the Campbell and the Maxwell bridges agree very 

* A. Campbell: Proceedings of the Physical Society, 1910, vol. 22, p. 207; also 
C. E. Webb and L. H. Ford; Journal I.E.E., 1935, vol. 7fi, p. 186. 
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closely. It is usual to plot the iron loss as a function of Flux Density. 

the flux density, but the variable pei meability of the iron For the Campbell bridge the method of calculation was 
renders unreliable any flux density calculated from the that employed by W^ebb and Ford* and not that sug- 
bridge results. Consequently, the relationship between gested in textbooks.f The latter method makes the 
the iron loss and the flux density has been determined by assumption that the current and the induced e.m.f. are in 



Maximum magnetizing' force, in oersteds 

Fig. 16.— Iron loss for 0'014-in. permalloy " C," 60 cycles per sec. 

X With Campbell bridge. 

O With Maxwell Bridge. 


plotting in Fig. 17 the logarithm of the iron loss against 
that of the maximum flux density derived from Figs. 1 
and 2 for the same maximum magnetizing force. The 
straight lines drawn through the two sets of readings 



2'4 2-6 2-8 3'0 3-2 3-4 3-6 3-8 4-0 


Log (_B max.) 

Fig. 17 .—Variation of iron loss with flux density. 

Curve A.—For 0 • 015-in. mumetal. 

Curve B.—For 0- 014-in. permalloy “ C.” 

correspond to an exponent of 1 • 7 for the flux density and 
will be seen to represent about the best mean in each 
case; hence, for both mumetal and permalloy ” C," 

Iron loss cc ijiv 
max. 


quadrature, an assumption that may be satisfactory for 
ordinary iron but is not justified in the case of nickel- 
iron alloys, as will be evident from data given later in the 
discussion of the Maxwell bridge. 

Let I = effective value of primary current, 

R and M = primary resistance and mutual inductance, 
respectively, to balance the bridge, 

Tg — number of secondary turns on specimen, 
and a — sectional area of iron. 

Then I^/\R^ + (mM)2] = 4: ■ ^4:TgfaB^ax. X lO-^ 

The values of 'Bmax. ^lus calculated for the mumetal 
specimen have been plotted in Fig. 18; and the cor¬ 
responding values oiB^ax. derived from the cathode-ray 
oscillograph tests, described above, have also been added 
for comparison. 

For the Maxwell bridge the method first employed for 
calculating B^ax. was that given in textbooksj dealing 
with the application of this bridge to iron testing. Thus 
when the bridge shown in Fig. 14 is balanced with 
P = Q, then 

r -p s = R; and x — L, 

where r = an equivalent resistance such that the loss in 
it due to a current I is equal to the iron loss, 
s = resistance of winding, 
and X = equivalent inductance of winding. 

If T = number of turns on S, 

^■nd I,fnax. == maximum value of current through S, 

* I.oc. cit. 

t For instance. “Dictionary of Applied Physics,’’ vol. 2, p. 602; Golding's 
'Electrical Measurements," p. 3(14; Spoonek’s “Properties and Testing of 
Magnetic Materials," p. 318. “ 

% Lac. cit.; also Hund’s “ High-Frequencv Measurements,” p. 314. 
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it appears customary to take 

X = flux linkages per ampere in specimen X 10“^ 




B, 



X 10-8 


'max. 


‘-max. ^ jq8 

aT 


The results calculated from this expression are repie- 
sented by curare C in Fig. 18. It is seen that the raluK 

may be less than one-half the ^ corresponding 
-1 , ^ •_j_ncir.llloSTapl^ cLIlcl Wltll LnC 


Tf R and he the maximum flux densities 

couef^ndirg to^STnd respectively, then, from the 
above equations, 

B'rmx. _ 5^ _ ^ _== sin (90° - cjy) 

0) 


B. 


max. 


Bmax. — ^max. f/> 
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Campbell bridge. The permalloy " C ” specimen gave 

^^Tappos^the instantaneous value of the magnetizing 
force to be represented by 

H = Hmax. sm 0)t 

then, assuming the elliptical relationship between the 
magnetizing force and the flux density, the latter 

represented by _ 

B = Bjfiax. {cot cp) 

where cb is the angle of lag of the flux behind the magnetiz¬ 
ing current, as in Fig. 19. Hence, the component of the 
applied voltage to neutralize the induced e.m.f. leads the 
current by (90° — c^)- 

But 

. . - ( 2 ) 

. . ■ (3) 


To get some idea of the possible numerical relationship 
between these two quantities, the flux-density curve o 
Fig. 10, namely that for mumetal subjected to or 


Also, 


V = 4-442y€)^ X 10-8 
= V27 tT/€» X 10-8 
7 = jy [?'2 + {cox)^] 



Supposed' to be the maximum flux corresponding to a 
current J amperes (r.m.s.) through an inductance x 


Fig., 19 

0-14. was analysed and its fundamental component 
found to be 

jS = 2 680 sin {cot - 64° 18') 


c\ rr'n A 


n t O in/ 
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^ Ihis figure compares favourably with the value, 1 020, 
given by curve C in Fig. 18. 

From equations (2) and (3) the following expression for 
^max. ca.n be derived for the Maxwell bridge when P and Q 
are equal:— 


B, 


max. 


W[{R - sf -I- 

4:-UTfa~~ 


X 108 


The flux densities, calculated in this way for the 
mumetal specimen, are represented by circles in Fig. 18 
and will be seen to agree with those given by the Campbell 
bridge and to agree as closely as might reasonably be 


Lcci 


Willi me actual values measured with 

__ 1 


cathode-ray oscillograph. 

From Fig 18 it will be noticed that the maximum 
*Herence botu-een curves B and C occurs for values of 
^max. in the region of maximum permeability, and it is 
interesting to note how rapidly the relative value of the 
equivalent resistance and inductance varies in this region. 
Fig. 20 shows these quantities in the case of mumetal, 
bimxlar variations were experienced with permalloy " C.” 

The author desires to express his gratitude to the 
Principal and Governors of the Technical College. 
Brighton, for facilities to carrj^ out the experimental 
work described in this paper. 




DISCUSSION ON 

“THE ACTION OF A SPLIT-ANODE MAGNETRON”* 


Messrs. H. Awender and D. M. Tombs (Germany) 
[communicated ): In working with a G.E.C. valve CW 10, 
a split-anode magnetron of dimensions of the same 
order as that of the authors, we have obtained curves 
showing that in our experiments the oscillation in¬ 
tensity of waves between 2 and 8 metres is not related 
to the anode cut-off point, as the authors state in the 
last paragraph on page 463 (vol. 78). 

A typical photographic record of the relationship 
between three variables—anode-current Jq, magnetic 
field H, and high-frequency intensity is repro¬ 
duced in Fig. A. The registering apparatus (details 
of which are shortly to be published) enables a 
third variable to be shown by the length of a diagonal 
line, the bottom point of which traces the usual two- 



variable curve. In this case the anode current is plotted 
vertically, the magnetic field intensity horizontally, 
and the rectified high-frequency current as the third 
variable. It will be seen that the maximum high- 
frequency current is obtained in the neighbourhood of 
the top bend, and a smaller current is developed farther 
down the curve, in contradiction to the author's state¬ 
ment mentioned above. The wavelength was 8 metres, 
and the anode voltage 800. 

In regard to Fig. 7, a set of photographic records of 
a similar nature have been obtained. It has been found 
that points for a given wavelength on the F/H curve at 
which the maximum high-frequency energy occurs (and 
after which oscillation ceases) lie on a straight line 
through the origin, although the wavelength was con¬ 
siderably shorter than that at which the authors were 
working, and within the range where deviation was 

* Paper by Messrs. E. W. B. Gili-, B.Sc., M.A., and K. G. Britton, B.A. 
(see vol. 78, page 4G1.) 


expected. Further, the slope of these lines was also 
found to be proportional to the wavelength. From the 
data available the constant in the equation A == h[HjV) 
was approximately 3-25. 

Mr. E. C. S. Megaw [communicated): The authors 
have set themselves the problem of accounting for the 
" amplified ” negative resistance which a split-anode 
magnetron is found to exhibit at a wavelength propor¬ 
tional to 2?/F, where H is the magnetic field strength 
and F is the anode supply-voltage. Their explanation 
is that the spirals which individual electrons describe 
about the lines of magnetic force “ process ” round the 
axis of the anode; and that, when the oscillation period 
is equal to the time of precession from the neighbourhood 
of one anode gap to the next, electrons which just fail to 
reach the anode segment having (instantaneously) the 
lower potential, on their first approach, succeed in doing 
so one or more half-cycles later. The important factor, 
according to this view, is the distribution of conduction 
current between the anode segments; the essential 
mechanism is thus the same as that of the long-wave 
" d 5 matron ” oscillations. 

This explanation fits the facts well as far as it goes, 
but it does not appear to go far enough. It cannot, for 
example, account for conversion efficiencies in excess 
of the ratio of peak to mean anode voltage, which 
have been found to exist in many cases when the ratio 
H/F has the optimum value for the wavelength 
generated. This and other resultsf have led me to 
conclude that in the optimum condition many electrons 
reach the anode with velocities less than those corre¬ 
sponding to the instantaneous potential difference 
between the anode and cathode at the moment of arrival. 
It is probable that both the distribution of electrons 
between the anode segments and the change of electron 
energy which can take place during transit through a 
rapidly changing electric field must be taken into account 
in explaining the '* amplified ” negative resistance. 

The authors have not been able to derive a theoretical 
expression for the optimum wavelength, corresponding 
to the empirical relation A = 7c(H/F). The following 
derivation may be of interest. 

To reduce the problem to the simplest possible terms, 
it is assumed (1) that the magnetic field strength H 
is large compared with the critical field strength at 
which cut-off occurs in the absence of oscillations, and 
(2) that the oscillation amplitude is small compared with 
the mean anode voltage. We have to find how long an 
electron will take to travel from the neighbourhood of 
one anode gap to that of the next. Under the conditions 
assumed, this electron will move through a nearly con¬ 
stant and almost purely radial electric field. The 
tangential velocity of precession will therefore be nearly 

t See G.E.C. Journal, 1036, vol. 7, p. 94. 
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equal to the ratio of electric to magnetic field strength; 
this follows from the well-known result that an electron 
in crossed electric and magnetic fields, of constant 
magnitudes E and H respectively, moves with a mean 
velocity EfH in a direction normal to both fields, inde¬ 
pendent of its energy. The time of precession between 
successive gaps in a cylindrical anode of radius rcm, 
with n pairs of segments, is thus approximately 

TTT rH 

•— • seconds, 

n KV 

where KVfr is written for the electric field strength, K 
being a constant of proportionality. For resonance, in 
the sense used in the paper, this time must be equal 
to half the oscillation period, that is to A/(2c). Hence 
the optimum wavelength is 

. _ 27rc H 

— constant x (— • 

\n V J 

which agrees with the experimental results. To obtain 
some idea of the value of the constant, we can put 
/£ = 1, which is at least a fair approximation to the truth 
when the anode current is limited by space charge. Then 

, H 

A = 4 • 7— • — metres 
n V 

where d is the anode diameter in cm, and H and V are 
measured in gauss and volts respectively. The quanti¬ 
tative agreement with the authors’ empirical constant 
(approximately 4), and with the results of other investi¬ 
gators, is sufficiently close to suggest that what may be 
called the " precession theory ” is on the right lines. 

In the " resonant ” condition, those electrons which 
are deflected outwards towards the anode each time 
they pass near one of the gaps also have to climb up a 
potential step in the neighbourhood of each gap, and 
so approach the anode with continually falling energy, 
eventually reaching it with a velocity which may be 
much less than '\/(26F/m). Other electrons, however, fall 
down a potential step in passing each gap and receive 
successive deflections which tend to return them to the 
neighbourhood of the cathode, where they may arrive 
with much more than their initial energy. 

It seems possible, along these lines, to explain most 
of the observed characteristics of the split-anode 
magnetron at wavelengths of the order of 1 to 100 
metres, including the peculiar capacitance changes 
reported by McPetrie,* and to give a simple physical 
interpretation to the ingenious but rather puzzling 
theory put forward by Posthumus.f I hope to publish 
a more detailed examination of these matters shortly. 

The authors’ statement on page 466 that “ the ultra- 
short waves which this valve (a simple 2-segment 
magnetron) can produce are not of this resonance type ” 
(i.e. the type discussed above) is misleading. The 
figures they quote refer to the “ electronic ” oscillations, 
which apparently involve a resonance with the electron 
rotation about the magnetic lines of force, but the 

*Naiure,iaae,vol.lS7,p.S21. 
f Wireless Engineer, 1S35, vol.12, p. 12G. 

VoL. 79. 


published data for the valve in question include a 
Table (under the heading “ Dynatron Oscillations ”) 
showing that there is an optimum magnetic field strength 
for producing oscillations of a few metres wavelength 
which increases with both anode voltage and wavelength. 
In my opinion these latter oscillations are of precisely 
the same type as those discussed by the authors, although 
under practical operating conditions nVXfid^E) is not 
quite constant and is usually less than 4. 

I do not agree with the authors’ statement that space- 
charge effects are inoperative in the generation of 
negative-resistance oscillations. So far as the static 
characteristics are concerned, I have found that the 
negative-resistance characteristics occur only when the 
total anode current is space-charge limited, i.e. when it 
is less than the total filament emission. The authors’ 
Fig. 6 is not inconsistent with this conclusion. It must 
be remembered that space-charge limitation begins to 
occur as soon as H is large enough to cause an appre¬ 
ciable drop in anode current, however small the filament 
emission may be. It is more difficult to decide whether 
or not space-charge limitation is essential for the 
“ resonance ” negative-resistance oscillations, but it 
appears to play at least an important secondary part in 
their production. 

Fig. 7 suggests that the static negative-resistance 
characteristics disappear when the magnetic field 
strength exceeds about twice the critical value. In 
general, however, these characteristics extend to at 
least 8 times the critical field strength, but the negative 
slope is always greatest when the field just exceeds the 
critical value. The authors’ result is doubtless due to 
the small emission current used. For the efficient 
production of long-wave oscillations, both emission and 
field strength must be rather large. 

Can the authors explain the fact that the " cut-off 
characteristics ” shown in Figs. 3 and 4 approach the 
theoretical ideal more nearly as voltage and field strength 
are reduced, while their comments on page 462 would 
lead one to expect the opposite ? 

Messrs. E. W. B. Gill and K. G. Britton {in reply): 
We especially mention in the paper that, in order to 
ascertain what is happening in a magnetron, it is essen¬ 
tial to keep the filament eimssion and the resulting 
oscillations as small as possible; the results for maximum 
high-frequencv current were obtained under these con¬ 
ditions. Messrs. Awender and Tombs do not state 
whether the same conditions were obeyed in their 
experiments. If the voltage-swing of the oscillations 
is at all large it would be extremely difficult to calculate 
the best working-point, and we should certainly not 
expect our last statement on page 463 to hold true. 

With regard to the last paragraph in Messrs. Awender 
and Tombs’s commtinication, stating that they have 
obtained shorter wavelengths than we have with a 
CW 10 valve of the same dimensions as ours, we have 
found that valves apparently similar show wavelength 
variation. The wavelengths depend on the distance 
between the filament and the gaps (or the nearest gap if 
the filament is not quite central). The anode diameter 
is only 5 mm, so that quite a small displacement of the 
filament from the central position produces a large per¬ 
centage variation. 
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With reference to the second paragraph in Mr. 
Megaw’s communication, the work done by the electric 
field on an electron with charge e moving from a filament 
at zero potential to an anode at potential V is in general 
eV, and is quite unaffected by any magnetic fields it has 
passed through. The only case where it differs from eV is 
when V is varying so rapidly tnat it changes appreciably 
during the time of a direct transit. For ultra-short 
waves this does, as in the Barkhausen oscillations, resixlt 
in electrons arriving with less than the velocity expected 
from the instantaneous value and assists the regeneratioir; 
but for the longer waves we used the effect would be small 
and of only secondary importance. 

We are much indebted to Mr. Megaw and interested in 
Iris calculations of optimum wavelength. 

With regard to our statement on page 466 concerning 
ultra-short waves, we should like to summarize the 
results of our printed paper, and of one now in prepara¬ 
tion. There appear to be three possible types of 
oscillation with a magnetron:— 

(1) The dynatron type described on page 463. 

(2) The resonance type described on page 466, in which 
an electron receives successive impulses as it passes 
each gap in turn^ which impulses combine if applied at the 
proper frequency, to take it to the anode at the lower 
potential. 

(3) Another resonance type in which the electron 
receives two or three impulses when passing near the 
same gap. This results in the production of ultra-short 
waves, i.e. waves which for a given V and H are shorter 
than those of type (2). This last type is the subject of 
the paper in preparation. 

We regret to find ourselves in complete disagreement 
with Mr, Megaw’s comments on space-charge effects. 
His extreme statement that “ space-charge limitation 
begins to occur as soon as H is large enough to cause 
an appreciable drop in anode current, however small 
the filament emission may be ” seems to indicate a 
complete misapprehension of space-charge effects. To 
put it as simply and briefly as possible, space-charge 
limitation in any electrical discharge is due to an elec¬ 
tron, which is moving slowly, finding itself in a region 


where the electric field, due to all the electrons between 
the electrodes, is more than sufficient to counteibalance 
the electric field due to the potentials applied to the 
electrodes, and causes a reversal of the electric force in 
the region. 

The limitation or decrease of anode current in a mag¬ 
netron when the magnetic field is increased is due soleh' 
to the magnetic field conducting some of the electrons 
back to the filament and requires no reversal anywhere 
of electric field. 

The only place in a magnetron where the space-charges 
can produce any effect is in the neighbourhood of the 
filament, for at all other places their velocity is con¬ 
siderable. If there were no magnetic field and, say, 
200 volts on the anode, the maximum current that would 
pass across the valve would be well over 100 mA, and 
this represents the current recjuired to give sufficient 
space charge near the filament to cause a neutralization 
or reversal of the electric force there due to the 200 volts. 
The application of a magnetic field does not sensibly 
alter this figure directly. What it does, however, 
when oscillations of the type we have investigated are 
occurring, is to cause the electrons continually to pass 
close to the filament and thus increase the space charge 
there. With an emission of 1 mA the electrons would 
each have to describe at least 100 orbits before space- 
charge saturation at the filament was reached. We have 
recently found that emissions of 0-01 mA will produce 
oscillations, which would involve 10 000 orbits being 
described before they reached an anode if the effect were 
due to space-charge limitation. It is obvious that this 
is impossible. It is not denied that as the filament 
emission is increased a point will be reached where space- 
charges begin to have some effect; but under the con¬ 
ditions of our experiments they were inoperative. 

With regard to the last paragraph of Mr. Megaw’s 
communication, we cannot give the explanation asked, 
but experiments with various valves show that slight 
irregularities in construction and very small tilts of the 
magnetic field from absolute parallelism with the fila¬ 
ment cause surprising variations in the shape of cut-off 
curves. 
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Mr. H. J. Allcock {communicated ): The author con¬ 
demns the use of determinants as the basis of the 
nomogram on the ground that many electrical engineers 
have no knowledge of them. This will hardly be 
generally agreed, however, when it is remembered that 
electrical engineering problems involving netwoi'k equa¬ 
tions are commonly solved by the aid of the more 
elementary properties of determinants. It is only the 
most simple and elementary properties of determinants 
which are employed in the practical design and con¬ 
struction of nomograms; and, in any event, the requisite 
knowledge could readily be obtained from any standard 
textbook of algebra. It is perhaps not so much the mere 
use of determinants as their use in conjunction with the 
S 3 '-stem of parallel co-ordinates which has rendered the 
theory obscure in the past. In the more modern treat¬ 
ment of the subject, however, consistent use of Cartesian 
co-ordinates in conjunction with determinants has 
enabled the theoretical treatment to be presented with 
greater clarity and the practical work of construction to 
be much simplified. 

It appears from a study of the paper that in one case 
at least (i.e. the nomogram on page 576 for the formula 
a — 6 -f 6^0 — 0 ). the construction of the nomogram has 
been simplified by means of a mathematical operation 
which is at least of as advanced a nature as the properties 
of determinants mentioned above. In the more com¬ 
plicated forms of nomogram, mathematical operations 
of a still more advanced character would be required if 
simplicity of construction were desired. A knowledge 
of advanced mathematics is not, however, required 
if the nomographic theory is based upon the use of 
determinants. In cases where two or more of the loci 
am curved, the use of determinants affords the, only 
practical method of design and construction. 

The geometric method which the author puts forward 
has the advantage of simplicity in the. majority of 
examples given. It lacks, however, the virtue of being 
generally applicable to all classes of formulae, so that 
in many cases an easy geometric solution is either 
impossible or requires considerable ingenuity, and the 
nomogram may be laborious to construct. 

It is also to be observed that it is sometimes desirable 
to alter the relative disposition of the loci in a nomogram. 
This transformation may be carried out graphically, but 
this necessitates great care both in the construction of 
the original nomogram and in the operation of trans¬ 
formation, and the chances of ultimate error may be 
relatively large. When determinants are employed, 
however, the necessary transformation may be carried 
out mathematically before any attempt is made actually 
to construct the nomogram, and the possibility of error 
in the final result is negligible. 


Again, in all the examples given in the paper, the same 
scale (in the engineering-drawing sense) has been used 
for all the loci forming the nomogram. This is frequently 
not deskable from a practical point of view. The 
geometric method, where differing scale factors are 
employed for the various loci, would appear to be some¬ 
what laborious except in the simplest cases. The stan¬ 
dard forms of determinants for all nomograms consisting 
of three loci have been worked out and tabulated, 
together with the constructional determinants containing 
scale factors. Once, therefore, such a formula has been 
expressed in determinant form, the constructional 
determinant may be written at once in its correct form 
and, after making simple calculations for appropriate 
scale factors, the nomogram can be drawn. 

For a proper appreciation of the theory upon which 
the construction of nomograms is based, it is only- 
necessary to be able: 

( 1 ) lo write any given formula in the form of a deter 

minant, and 

( 2 ) To apply the following elementary properties of 

determinants equal to zero, namely that 

(i) Rows may be changed into columns, a,nd 
columns into rows. 

, (ii) Any two rows, or any two columns, may be 
interchanged. 

(iii) The elements of any row, or of any column, 

may be multiplied by the same quantit}?’, 
or divided by the same quantity. 

(iv) To the elements of any row, or column, 

may be added the corresponding ele¬ 
ments of any one or more other rows, or 
columns. 

(v) To the elements of any row, or column, may 

be added the same multiples of the corre¬ 
sponding elements of any one or more 
other rows, or columns. 

In view of the simple nature of the above mathe¬ 
matical operations, it is suggested that a geometric 
method of design and construction offers no real advan¬ 
tages over the now well-known method based on the 
use of determinants in conjunction with Cartesian co¬ 
ordinates, particularly as the latter method has certain 
practical (as well as theoretical) advantages, which are not 
otherwise obtained. 

Dr. E. A. Hanney {communicated ): The paper antici¬ 
pates one which I have been preparing. It is a matter 
for some disappointment that the author has covered 
so much of the ordinary textbook ground. One is bound 
to agree with him that the use of determinants as a basis 
for nomography is calculated to discourage the potential 


Paper by Prof. R. O. Kapp (see vol. 78, p. 667). 
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user; but, of five textbooks* which I know, in English, 
only one makes use of determinants, and the others 
appear to have been written with the same objects in 
view as those of Prof. Kapp. 

The importance of functional scales (where graduations 
are spaced out according to values of some function of 
a variable, whilst they are labelled with values of the 
variable) is pointed out by Prof. Kapp. Whilst every 
engineer may know that powers, roots, logarithms, sines, 
cosines, hyperbolic sines and cosines, etc., are functions, 
it is important for him to realize that not all functions 
are mathematical. An engineer’s data curves may be 
empirical or experimental, and may still show values of 
a function (an example occurs in the magnetization 
curve of an electrical machine, where the flux is a 
non-mathematical function of the field m.m.f.). Many 
useful nomograms can be made to record empirical data; 
thus I make use, in classes on the design of electrical 
machines, of a chart for each class of machine, showing 
the relation between d, I, and the approximate kW/r.p.m. 
Emphasis is laid on this because writers seem invariably 
to choose examples which use mathematical functions. 

In my opinion the type of relationship which most 
commonly lends itself to representation by means of a 
nomogram is f-y{x) X f^{:y) =f4f]> where f-fx) is “ some 
function of a;,” etc. Writing this as ah = c, it is clear 
that charts with three parallel straight lines and logarith¬ 
mic scales, or, alternatively, charts with two parallel 
lines and a slanting line, may be constructed; or, again, 
a chart with three straight lines through a point may 
be used to represent this same relationship, since one 
may take logarithms of the functional values and then 
plot scales according to the reciprocals of the logarithms. 
Furthermore, in each of these types, any one of the 
three variables— x, y, and z —^may be arranged along 
any axis. Thus there are 9 possible arrangements; and 
in each arrangement there are unlimited possibilities in 
the spacing of lines. Naturally, the scales of such 
nomograms, if plotted to represent a simple relation 
a'l — 0 , would vary greatly from one type to another. 
This property is very useful when plotting functional 
scales, since such scales may show very uneven divisions 
in one chart, and much more even divisions in another 
arrangement. My practice is to sketch many possible 
arrangements before making a decision. 

A device for varying the spacing in the divisions of a 
scale, of which I have seen no mention elsewhere, may 
be adopted in the Zed chart (chart with a sloping line), 
but not in any other type. This is merely involution; 
thus if ajb = c is charted, and two even scales are 
obtained for a and h along the parallel axes, the relation 
== may be charted with uneven scales for a and 
h. An example is given in Fig. A. This useful chart, 
for obtaining Ky, the air-gap coefiflcient of a machine, 
replaces a formula containing a Carter coefficient which 
is read off from a curve. In the simple form, the 
nomogram exhibited on the right hand a functional 

* (1) “The Nomogram,” by Allcock and Jones [Pitman]; this dedls with 
determinants and classifies the formula' -which can be represented. (2) “ Line 
Charts for,Engineers,” by W..N. Rose [Chapman.and Hall]. .(3) “ Aligniaeat 
Charts for Engineers' and Students,” by Kearton and Wood [Charles Griffin 
and Co.]. (4) “ Nomography,” by Brodetsky [Bell]. (5) “ Graphical and 
Mechanical Computation,” by Lipka [Wiley and Co. (Chapman and Hall)j. 
All these works owe a debt to “ TraitS de Nomograpbie ” by d’Ocagne, and it 
must be acloiowledged that the art of nomography is a product of French 
mathematical genius. 
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scale which closed up badly towards the top, whilst that 
on the left hand was even. By taking square roots 
throughout, the right-hand scale was improved without 
spoiling the left-hand scale unduly. 

Prof. Kapp refers to the “ charts with a curved 
line,” in which the equation represented contains two 
different functions of one variable. Now it is worth 
knowing that the relation between these two functions 
need not be a mathematical one. Fig. B is an example 
of a chart which deals with a magnetic calculation, and 
contains such a curved line. It shows the ampere-turns 
needed per cm on the teeth of a machine, when slots 
form parallel flux paths, and the apparent density 
(assuming all flux in the iron and none in the slot) is 
easily calculated. (The iron for which the chart was 
drawn has characteristics found by taking Kg as unity.) 

Examples may occur when it is felt that such a 
relation as/^(a;) x f^iv) — f^i^) is involved, but the nature 
of the functions is unknown. If particular solutions are 
known, it is possible to integrate the scales by careful 
drawing and continual cross-reference. Fig. C is an 
example of such construction, and again it is a chart 
useful to the designer of electrical machines. In this 
case the average ampere-turns per cm in a tooth can be 
read off, knowing the degree of taper and the density 
at the wide end. (This chart may prove useful to some 
in connection with induction motors. The iron for 
which the chart was constructed has characteristics 
found by taking the degree of taper as unity. It is the 
same iron as that for which Fig. B was drawn.) 

The purely practical question as to when to attempt 
a nomogram may be simply stated in the following 
words: " Whenever data curves have two axes and a 
family of curves, it may be possible to make a nomogram 
having three lines, and such a chart can be read with 
greater ease and accuracy; whenever four variables occur 
in the data, simple nomograms may still be possible 
(as in Figs. 4, 10, and 11 of Prof. Kapp’s paper).” The 
electrical engineer must not expect to be able to put in 
nomogram form all his data curves, and intelligent 
understanding is necessary in order to avoid waste of 
effort. 

Dr. A. L. Higgins [communicated ): The impression 
that remains after reading the paper is that an article 
of considerable length has been abruptly curtailed on 
the last page. Wherefore it is a bold statement to say 
that the paper affords knowledge sufficiently compre¬ 
hensive to enable the reader to make for himself the 
majority of charts he will ever have occasion to use. 
The scope of electrical formulae must therefore be very 
limited or the occasions will not arise. After 26 years’ 
interest in the subject I still find difficulty with 
apparently simple forms. 

The first three pages of the paper deal with the type 
of the general form of alignment chart in which the 
pivotal axis is central, and the cases in which the outer 
scales are equal merely follows from the fact that a 
and h are unity in the more general form of linear 
equation ax -\- hy= c. An inherent defect of the paper 
is that this more general form is not fundamental, for 
then the important matter of scales would be introduced 
and also their effect upon the disposition of the pivotal 
axis, which incidentally is not always a central axis. 
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Fig. B.—^Nomogram for actual density in teeth. 



230 DISCUSSION ON “NOMOGRAMS 

The author suggests the convenience of the scales of 
a slide rule, but says nothing as to how with little 
knowledge it is possible by cross-intersections to impro¬ 
vise charts mechanically. Associated with this mode of 
construction there are two little-known uses:—-(1) Trans¬ 
formation of isoplethic diagrams to alignment charts, 
frequently leading to far more convenient forms. 
(2) Determining coefficients from experimental data, 
though the usefulness of the practice is not now con¬ 
siderable, since logarithmic paper is easily obtainable. 
All the same it is surprising how rapidly trial values can 
be obtained by ruling parallel scales, and thence by 
cross-intersections determining the appropriate values. 
Among examples that may be cited are:—Calibration of 
Venturi meters, tests on combined tension and bending, 
and determination of coefficients of viscosity. 

The example of four variables in Fig. 4 does not cover 
the general case of four or more valuables. 

The charts with the pair of parallel scales and a 
diagonal are very well outlined, but only a small idea 
of the scope of this form is given. It is particularly 
applicable to exponential formulas, such as y — or 

Much might be written on the use of parallel scales 
and curves, as, for example, d’Ocagne's construction, 
introducing the hyperbola to the solution of quadratics, 
a process which can be extended to equations generally, 
as, for instance, the cubic involving the sag, tension, 
and loading, in overhead transmission lines. 

It would be a courageous effort to attempt to treat so 
vast a subject from the engineering standpoint in a short 
series of articles, let alone in a short paper: nevertheless, 
on the principles which the author has enunciated, it is 
possible with perseverance to construct a considerable 
number of nomograms of real practical value. On the 
other hand, much time may be spent fruitlessly unless 
the enthusiast has a sure foundation on the mathematical 
fundamentals of the constructions. 

Prof. R. O. Kapp {in reply ): Mr. Allcock makes out 
an excellent case for tackling nomography with the help 
of determinants rather than by geometry, and his valu¬ 
able contributions to the subject could hardly have been 
based on any other method of approach. 

There is no doubt that determinants are the projaer 
scientific basis and that they are essential for a deeper 
study of nomography; the only question is whether they 
provide the most suitable door through which a novice 
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whose mathematics are somewhat limited is to reach an 
understanding of the subject. Perhaps it is a matter 
of temperament. Personally, I find elementary and 
even moderately complicated nomograms easier to 
understand and explain in terms of geometry, but some 
engineers may find the approach by determinants a 
simpler one. 

Dr. Hanney’s comments are all the more welcome 
because he emphasizes aspects of the subject not often 
met with. Extension of the art of nomography to the 
representation of unusual types of formulcC is fascinating, 
but of less practical importance than the developments 
referred to by Dr. Hanney, which are directed to finding 
the type of chart that will give the most convenient 
scale divisions. The use of nomograms for functions 
which cannot be expressed in algebraic form, as pointed 
out by Dr. Hanney, is a field of considerable practical 
importance, and one which has been sadly neglected 
hitherto. It must, however, be remembei'ed that curves 
tell one at a glance things about a function which 
nomograms conceal. 

The paper had to be curtailed somewhere. The 
additions suggested by Dr. Higgins, and a great deal 
more, might have been included, and yet a reader familiar 
with the subject could well have regretted that the 
paper was curtailed where it was. A single paper on 
nomography must necessarily be but an introduction 
to the subject. If it covered too much ground and if it 
attempted to delve deeply into mathematical generaliza¬ 
tions, it would be too theoretical to be of much use to 
electrical engineers. That generalization which connects 
the scales with the position of the intermediate (Dr. 
Higgins says pivotal) axis has, however, not been 
omitted. The connection, which Dr, Higgins appears 
to have overlooked, is made clear in Fig. 12 for the 
general form of linear equation. The most general Amm 
of linear equation (which incidentally contains two 
constants and not three) can be represented in one of 
two ways. One could either place the inteimediate axis 
centrally and .arrange the scales to suit, or first choose 
convenient scales and then arrange the intermediate axis 
to suit, so Dr. Higgins is right in saying that the inter¬ 
mediate axis is not always a central one. It must, 
however, be remembered that it always can be a central 
one. Three-variable formulae are rare, of which the 
most practical representation is not such as to make the 
intermediate axis central. 
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Mr. L. Ballan: I welcome the progress in signalling 
made in recent years, which has resulted in economy and 
improved traffic facilities. I hope that as time goes on 
the cost of modernized signalling systems will be so much 
reduced as to make it unnecessary to employ such things 
as ground frames worked by the trainmen, in order to 
keep down costs. Automatic and mechanically-worked 
colour light signals are a great help towards speedy 
and safe working even in fog, and make fog signalmen 
unnecessary. 

Signal engineers should not overlook the need for im¬ 
proving manual mechanism, much of which is still too 
heavy to work comfortably. The author has referred 
to the desirability of all freight trains being braked; but 
until a really satisfactory automatic coupling, dispensing 
with separate brake and heater pipes, can be adopted as 
standard, the short runs of trains in this country between 
marshalling yards will retard progress towards universal 
braked working. The marshalling of the type of braked 
stock in use at present is too slow. 

In order to ensure proper watching of trains on long 
stretches of automatically-signalled line, it might be 
possible to make use of a development of television, and 
arrange for pictures of the trains as they passed selected 
intermediate points to appear in the signal-boxes. 

Mr. J. T. Thompson: I would point out that 
Fig. 25 represents the layout of the new inward goods 
yard at Hxrll, and that the control tower is situated just 
below the bottom brake at the position marked " Al.” 
The control of both the brakes and the power-operated 
switches is effected from this tower, from which an 
excellent view of the whole of the yard is obtained. 
This is only the second yard in the country at which the 
Frohlich type of rail brake has been installed. 

Mr. E. G. Breutnall : Axle-counter systems (page 357) 
seem to open a field where the installation of track cir¬ 
cuits would be difficult owing to the presence of a con¬ 
siderable amount of coal-dust or sand, but, owing to the 
necessity for the provision of a treadle at every point of 
entry to or exit from the area, and to the number of line 
wires required, such counter systems appear to be too 
expensive for use in any but exceptional circumstances at 
present. 

On page 370 the author refers to the use of . petrol- 
engined alternators as standby sets; similar sets in use 
in the North-Eastern Area of the L.N.E.R. are started 
automatically and take the load in considerably less than 
■| minute. I am in agreement with the author regarding 
the necessity for frequent test-running of the standby 
sets. Those just mentioned are run every Saturday 
morning. 


With reference to secondary batteries floated across 
rectifiers at track-circuit locations, since the load is 
sensibly constant, in effect the rectifier provides the 
supply, the battery only coming into use on failure of 
the power supply. Has the author experienced any case 
where the battery has deteriorated under such conditions 
because it has not been subjected to a measure of charging 
and discharging ? 

With regard to code control of points and signals, owing 
to the conditions in this country it would appear that the 
use of each wire for several functions, with no coding, 
will be the line of earliest development here. 

Mr. G. C. Thew: Dealing with the question of educa¬ 
tion, it appears to some extent necessary to educate also 
men other than the signal maintainers. Slight troubles 
have occurred at times when platelayers have put unin¬ 
sulated gauges across the track or pushed bogies laden 
with materials- into sidings, part of which have been 
track-circuited. In the latter cases, the track circuiting 
has probably resulted in the clearance points between 
tracks being revised. 

The question of power supplies is one that has caused 
considerable concern. Absolute reliability of the supply 
is essential, and it is preferable to obtain two independent 
sources of supply. Previous to the grid’s coming into 
being, this condition could be fulfilled. I have in mind 
a case where the supply authority had given what 
practically amounted to a guarantee of a continucu.s 
supply, but after they had become linked to the grid 
they withdrew their former undertaking. The load 
factor of a signalling installation is probably over 95 per 
cent, and this in itself should make a great appeal to 
the supply authorities, as I think it is higher than most 
other commercial consumers can give. 

The paper rather gives one the impression that all 
signalling systems are. complicated. This is not the case; 
a great deal is still being done on the mechanical side. 
The increased distances over which mechanical working 
of points has become possible are largely due to the 
introduction of tiack cirGuiting. Further investigation 
with the object of easing the manual work of the signal¬ 
man where the points are a long distance away is, I think, 
required. The present normal limit for mechanical 
working is 360 yards, but there are many instances 
where this distance is exceeded. A great deal of work 
has been done recently in the way of adding electrical 
controls and interlocking to the existing mechanical 
systems. 

[The remainder of Mr. Thew’s contribution was 
similar to his remarks in the Leeds discussion (see 
vol. 78, page 378).] 

Mr. S. A. Simon : My company recently adopted track 


Eaper by Major L. H. Peter (see vol. 78, page 333). 
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signalling to protect several level crossings of their 
colliery railway sidings. On the approach of a train 
from either direction red lights show down the roads, 
and green lights show on the railway to indicate to the 
driver that all the red lights are in order; the lights are 
extinguished as soon as the last wagon of the train has 
cleared the road. On one of the roads (the main turn¬ 
pike) at first the red lights did not go out when the train 
cleared the road, but only after the train had left the 
track-circuited system. The nature of the road material 
was suspected—as it appeared to be of very low re¬ 
sistance—and eventually we took out the macadam 
along one of the track rails and substituted creosoted 
wood in order to insulate it. 

Another trouble is the very rapid wear of the insulation 
at the rail joints between the sections of the track: this 
requires renewing about every 6 weeks, which makes the 
cost of maintenance very high. 

If these troubles could be remedied there would no 
doubt be ample scope for the application of tmck signal¬ 
ling to level crossings in colliery districts, so as to save 
the wages of flagmen. I should like to know what could 
be done to simplify and improve the apparatus, so as to 
reduce the maintenance cost. 

Further information on the nature and qualities of road 
material at level crossings and their effect on the signalling 
system is also desirable. 

[Mr. A. E. Tattersall also took part in the discussion. 
The substance of his remarks will be found in the report 
of the Leeds discmssion (see page vol. 78, 376).] 

Major L. H. Peter {in reply ): Mr. Dalian’s remarks 
are welcomed as showing that the developments in 
modern signalling are appreciated. The manual mechan¬ 
isms as distinct from the power mechanisms referred to 
in the paper have also undergone considerable develop¬ 
ment and improvement in the period under review. 


The use of television, paidicularly for watching the 
approach to level-crossings, has been suggested on 
several occasions, but the cost of satisfactory apparatus 
at present makes the proposition non-economic. 

I thank Mr. Thompson for giving the additional 
information necessary for Fig. 25. 

With regard to Mr. Brentnall’s remarks, it is made 
clear that the axle-counter system is considered to be 
one for use under special conditions and not as a general 
substitute for the track circuit-system. 

The use of secondary batteries floating on rectifiers is 
very wide, and the question of deterioration receives 
much attention. Provided that cells of a suitable 
capacity, having a Plante-formed plate, are used and 
overcharging is not carried to excess, very little trouble 
is experienced from deterioration. 

Referring to Mr. Thew’s remarks, I agree that other 
departments have to be educated on matters which 
are of mutual interest, and in particular those whose 
work necessitates their dealing with portions of the track 
circuits and points. 

Probably the best method of getting successful co¬ 
operation is by a series of well-illustrated lectures 
attended by both departments and providing as much 
discussion as possible. 

I agree that continued development takes place in 
the mechanical portion of points and signals and that a 
judicious use of lock-detection and other api)liances in 
conjunction with the mechanical systems will, however, 
help the development of the latter. 

Mr. Simons refers to the rapid wear of insulations of 
rail joints and the consequent high maintenance cost. 
Failure of insulations of this nature is generally due to 
the joints being loose or to badly-packed sleepers. If 
the road bed is kept in good condition and the joints 
rigid, very little wear of the insulations takes place. 


SCOTTISH CENTRE, AT EDINBURGH, 25th FEBRUARY, 1936 


Mr. A. Moss : Up to about 10 years ago railway 
signalling in Scotland was not very progressive, but 
happily these conditions have since been changed. We 
can now boast of having representative examples of 
most of the apparatus described in the paper, with the 
exception of automatic train control, centralized train 
control, and mechanized hump yards. 

The subject of automatic train control is exercising 
the minds of all the railway companies very largely at 
the present time. Great Britain is now very much 
behind other countries in regard to automatic train 
control, for in America, Germany, and Italy, it has been 
developed to a very large extent. Undoubtedly the 
ideal method of train control is to repeat permanently 
in the cabin of the locomotive an indication of the signal 
which is being approached. This necessitates the con¬ 
tinuous circuit-code system which the author has de¬ 
scribed. The cost of such a system can, however, become 
so high as to make its use on a large scale practically 
prohibitive, and therefore an alternative system has 
been adopted in the form of the intermittent inductive 
system, or contact system, described in the paper. Is 
the coder which is in use in the United States a fairly 
reliable piece of apparatus under all the varying railway 


conditions ? In this country there is a school of thought 
which is rather opposed to any signal indication being 
given in the cab of the locomotive, primarily on account 
of the possibility of its distracting the attention of the 
driver from the line. What are the author's views on 
this aspect of the subject? 

In regard to power supply and distribution in relation 
to railway signalling, development is being hindered 
because the cost of getting a supply of current generally 
is too high. The use of paper-insulated, lead-covered 
cables is now being adopted, and I think it is quite a 
successful procedure provided the cables are installed 
with due care. The method of using single wires, too, 
has certain merits, and I think a combination of the 
two is perhaps the best. 

The.signalling engineer’s job is not finished with the 
installation of the plant: efficient maintenance of the 
plant is of the utmost importance, and this necessitates 
the training of men to take over the care of the apparatus 
after it has been installed. Some of the railway com¬ 
panies have signalling schools at certain centres, and 
others employ mobile instruction cars, equipped with 
apparatus, which are sent about the country to various 
depots. Another method of training is by means of 
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correspondence classes, and the principle of giving a 
" refresher ” course to linemen is also adopted by many 
administrations. 

The practice of recording failures is a most important 
one. In London, where there is a large population and 
dense suburban traffic, any interruption of the train 
services reacts very seriously on the working of the 
transport system, and therefore some method of record¬ 
ing failures and following these up to the source is 
essential. 

Mr. D. Mitchell : We are experimenting on the 
L.M.S. Railway with an installation of automatic train 
control which is operated by a system of permanent 
magnets and electromagnets situated between the run¬ 
ning lines. 

I should be glad if the author could tell us something 
about relay interlocking apart from the C.T.C. system. 
There seems to be great scope for that type of inter¬ 
locking where signals are operated from thumb switches 
and the points operated by mechanical levers. 

Mr. D. Old: Many American engineers spend a lot 
of money on modern signalling devices. I should like 
to know whether the author can state when it becomes 
economical to install C.T.C. signalling rather than the 
ordinary remote control system. 

Mr. G. Henderson (Edinburgh); This past winter' 
a great deal of time has been wasted on account of the 
delays due to fog on the railways in and around London. 
Much of this time would have been saved had some 
form of automatic train control such as the author 
describes in his paper been introduced. 

On page 356 he makes reference to harmonics on the 
d.c. side of the system due to the supply from the 
rectifier, and the influence of the d.c. load on the wave¬ 
form on the a.c. side. I should like to know whether 
the author analysed this a.c. supply wave, and, if so, 
what value of 6th harmonic he found. He states that 
the existence of this 300-cycle ripple caused interference 
with the signal system; I should be interested to know 
how this trouble was overcome, as I understand that 
the railway company in question have no series choke 
coil or filter cix'cuit on their system, I should be glad 
if the author would confirm that when an ovei'head d.c. 
supply system is used the installation of a wave filter 
is unnecessary. As regards his statement that by using 
12-phase rectifiers the harmonic value would be so 
reduced that there would not be any interference with 
signals, I doubt whether this would be found to be 
the case, because at light loads the rectifier no longer 
operates as a 12-phase rectifier but gives ripple values 
corresponding to a 6-phase rectifier. 


Major L. H. Peter {in reply): Mr. Moss in his open¬ 
ing remarks refers to cab signalling. The cost of cab 
signalling, although,it may appear high when first con¬ 
sidered, would probably not appear in the same light 
if the cost of all those accidents which would have been 
prevented by cab signalling were taken as a standard of 
comparison. The coder referred to is a reliable piece of 
apparatus which I have no doubt will become regarded 
in the same light as our present-day track relays. 

I do not agree that placing a cab signal in the loco¬ 
motive will distract the attention of the driver from the 
line. In my opinion nothing but good can result from 
placing the signal, which gives a driver his instructions, 
in the place most easily visible to him. 

Mr. Mitchell asks for information on relay inter¬ 
lockings, but relay interlocking is dealt with in the 
paper as part of any remote control system. For in¬ 
stance, in the C.T.C. systems referred to, code is only 
used for supervisory control and indication of a number 
of relay interlockings, code transmission being employed 
only between the thumb switches and the interlockings 
themselves. 

In the case of the electro-mechanical system referred 
to, the combination pilot-switch control of signals and 
mechanical point operation is one sometimes adopted 
in modernizing older installations. 

Mr. Old asks for a dividing line between coded remote 
control systems and wired systems. It is impossible 
to give any hard-and-fast division, as the number of 
indications to be conveyed and the relative costs of 
cable route have to be compai'ed for each installation. 
In general, the greater the distance and the greater the 
number of indications to be transmitted, the greater is 
the likelihood that a coded system will be cheaper. 

Mr. Henderson refers to the analysis of harmonics 
from the traction mercury-arc I'ectifiers, and methods 
adopted to overcome interference. To a large extent 
this question is dealt with by Mr. Challis’s contribution to 
the London discussion. 

I confirm that when an overhead d.c. supply system 
is used, filters would appear to be unnecessary as there 
is not a tendency for side current rails to cause the har¬ 
monic component to be carried by one rail only on the 
permanent way. It is a fact that the ripple current 
which is carried by one rail and consequently by one 
half of each impedance bond winding, leads to an un¬ 
wanted voltage being applied to the track relays. In 
an overhead d.c. system there would be no current rail 
and it would be expected that the ripple current would 
be distributed fairly equally between the two running 
rails. 
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“ROUTINE OVER-VOLTAGE TESTING OF HIGH-VOLTAGE CABLES”* 

NORTH MIDLAND CENTRE, AT LEEDS, 3RD MARCH, 1936 


Mr. S. R. Siviour: The conditions with which the 
author has had to deal are somewhat abnormal in that 
he has been mainly concerned with cables manufactured 
and laid many years ago for much lower working voltages 
which were subsequently operated at 11 kV; the number 
of breakdowns therefore appears to be very high. This, 
however, does not detract, in my opinion, from the value 
of routine testing for eliminating weak spots in old cables. 

I mention old cables because I consider that, as a result 
of the extraordinary advance in cable technique which 
has been made during the past 5 to 10 years, the modern 
cable is so reliable that it is not necessary to subject it 
to routine tests. 

I fully agree with the author that the use of high- 
voltage direct current is the only practicable method 
available for the field test. Provided the appropriate 
voltage is applied, no harm is done to the cable by such 
a test. A short-time test of 1 minute is all that is 
usually necessary; there is no advantage in applying a 
sustained over-voltage, as most cables break down under 
this test before reaching the maximum test voltage. The 
only exception to this rule is the case where, after the 
maximum voltage has been reached, the current fluctuates 
and an unstable state is indicated. Tins may be due to 
defective insulation at or near the breakdown stage, or 
possibly to leakage over terminal ends, particularly where 
outdoor insulators or damp substations are concerned. 
In such cases, the voltage should be maintained until 
failure occurs. 

The d.c. stress when applied does not cause any addi¬ 
tional movement of ions and, hence, plays no part in the 
process of breakdown in the tracking type of failure, with 
which we are mostly concerned. The tracking type of 
breakdown is a gradual process, and investigations into 
many faults lead me to the view that the last stage is 
comparatively rapid. If, therefore, a cable breakdown 
occurs in service shortly after a routine d.c. test, it merely 
indicates that at the time of the routine test the remaining 
wall of sound dielectric at that spot was sufficiently good 
to withstand the test voltage, but subsequently broke 
down in service under the devastating a.c. discharge. 

I rather question the author's use of 50 kV, both 
between lines and to earth, but it may be that this was 
influenced by his desire to test his joints thoroughly. It 
is of interest to recall that on a total length of over 
500 miles of 11-kV cable we had only 5 joint failures last 
year, and some of these were at terminal boxes of the 
outdoor type. 

Mr. G. Ezard: I should like to refer to one or two 
tests which I have witnessed on. 11 000-volt mains in 
this district. 


(1) A service fault having occurred in June, 1934, the 
cable was subjected to a d.c. pressure test the following 
October. First of all, 35 kV was applied between each 
core and the earthed sheath; no breakdown occurred. 
Next 55 kV was applied between two cores at a time, 
and after 4| minutes failure occurred. I am unable to 
contribute to the view that a test time of 1 minute is 
sufficient, because here we have a concrete case of the 
voltage being sustained for 4f minutes before the incipient 
fault had been completely .broken down. Subsequent 
examination of the fault showed definite signs of an 
incipient a.c. fault between two cores. There has been 
no further fault on this main. 

(2) In the second case, on another main, a service fault 
also occurred in June, 1934, and a d.c. test was conducted 
the following November. The test at 35 kV between 
cores and sheath was satisfactory, but the cable failed 
when 20 kV was applied between two cores. Repairs 
were carried out, and on the following day the test was 
repeated without any failure. Within 17 days the cable 
failed during service. 

I refer to these two examples because to me the problem 
of the time-interval between routine tests is difficult of 
solution. I believe the author tests at intervals not 
exceeding 6 months; it is certainly better to carry out 
these tests even every 6 months than to risk a service 
breakdown with its attendant complaints, but on cables 
which are particularly suspect the tests will have to be 
more frequent—at any rate until the more advanced 
incipient faults have been removed. 

On page 84 of the paper I read that “ Ingress of 
moisture . . . penetrates from without.” Does this mean 
that all the moisture to be found in a faulty cable has 
gained ingress through a defective sheath ? It has been 
my experience when dissecting faulty cables to find 
moisture present only in those papers immediately 
adjacent to the strands; as no trace of water is found in 
fillers or belt, this moistufe must have entered at the 
ends of the cable. 

The availability of cables for routine testing presents 
many operating difficulties, especially on radial feeders, 
but there must surely be some nights or week-ends in 
the year when arrangements can be made with con¬ 
sumers for the cables to be taken out of commission. 
The time required to carry out a test and repair a fault 
may well be illustrated by the following example. An 
11-kV feeder 2 miles long and having only one source of 
supply was taken out of commission at Saturday mid¬ 
night. By 12.22 a.m. both ends of the cable had been 
disconnected from the switchgear and the test leads 
fixed. At 12.48 a.m., after a series of ” core to earth ” 
tests, failure at 35 kV took place. The voltage had 
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remained constant for 45 seconds. The location was 
carried out by means of a high-voltage bridge, and by 
2.20 a.m. the labourers had excavated sufficient ground 
to enable a repair length of 20 yards to be inserted into 
the main. Two straight joints were made, and the 
main was recommissioned at 10.27 a.m. on Sunday. 
This d.c. test removed a fault at no inconvenience to 
consumers. 

Mr. A. C. Bailey: On page 82 the author mentions 
that in the first routine tests which were carried out he 
used a voltage of 60 kV between conductors and between 
conductors and earth. To my mind this was a mistake, 
as either the test voltage between the cores was too low 
or that to earth was too high. 

Table 1 is not much of a guide. It refers to the cables 
of small dielectric thickness, and can therefore apply 
either to some of the earlier lower-voltage cables or to 
some of the more recent cables which it has been possible 
to make of smaller dielectric thickness owing to the 
present higher standard of the cable manufacturers’ 
art. 

On page 83 the author states that high-voltage d.c. 
tests cannot cause damage unless actual breakdown 
occurs. If this is so, there is no question that high- 
voltage d.c. testing is the correct thing; but it is my 
experience that such tests do cause damage. The mere 
fact of time being required to break down the cable shows 
that the test is having a damaging effect. 

I would point out that joint-box failures to earth such 
as those mentioned in Table 2 can be expected if one is 
cai-rying out the same pressure test to earth as between 
cores, as the ” between ” test is then not such a severe 
test. 

The question of the speed of deterioration of a faulty 
cable, mentioned on page 84, is most elusive. There 
was one case whei'e we purposely punctured the sheath of 
a 3-core 11-kV cable and then immersed the damaged 
portion in a water tank. This cable subsequently stood 
up to a 3-phase 11-kV supply for about 3 months without 
breakdown, whereas on other occasions I have known a 
cable to be damaged by men on road repairs and the 
sheath only just punctured, and yet the main has failed 
a few weeks afterwards. 

While I agree that d.c. over-voltage tests are useful for 
breaking down incipient faults, I would prefer the test 
voltage not to be more than, say, twice the peak value of 
the service condition. If this does not produce a break¬ 
down, a power-factor test should be applied by, say, a 
Schering-bridge method. I can quite see there is no 
point in applying the Schering-bridge test before a 
pressure test, as a bad spot would give a high power 
factor. One might consequently consider this repre¬ 
sented the average condition of the cable, whereas the 
trouble would in reality be concentrated. The examples 
given in the Appendix show that incipient faults were 
found with voltages much less than those the authors 
suggest should be used. This alone indicates that 60 kV 
is too high a test voltage for 11-kV cable. 

Mr. R. M. Longman : I am especially interested in the 
arrangements necessary with respect to the cable termina¬ 
tions in switchgear. The ordinary trifurcating boxes and 
porcelain end-bells in open-type switchgear apparently 
offer no trouble, but with those terminating in compound- 


filled or oil-filled gear the position is not so easy. It 
would be interesting to learn the author’s experience with 
this latter type of gear. 

He does not appear to have mentioned “ cheesing,” 
surely an omission when dealing with the life of cables. 

A certain technique is soon obtained when doing 
much d.c. testing. The tester can, chiefly by watching 
the milliammeter, rapidly form a good idea of the con¬ 
dition of the cable. If the cable is in fairly sound con¬ 
dition there is nothing to be gained by extending the 
duration of the test; on the other hand such extension 
does not harm it. In this respect d.c. testing is quite 
the reverse of a.c. testing, which inflicts a sort of hammer 
blow 60 times per second. I recently heard of a case 
where the d.c. test was extended from 15 minutes to 
30 minutes, and finally to 2 hours, wdthout a sign of 
breakdown. Tests such as those described in the paper 
would have been very helpful to those engineers who 
during the past 20 years have had to change over dis¬ 
tribution systems from d.c. to a.c. supply. 

As cables are now of much larger capacities and larger 
loading—larger conductors and higher voltages—it is of 
increasing importance to avoid faults developing; hence 
the necessity of routine testing to discover incipient 
weaknesses. 

Mr. C. Kibblewhite (in reply ): Mr. Siviour concludes 
that it is unnecessary to routine-test modern cables, 
that direct-current should be used, and that a short- 
time test only is necessary except where an unstable 
state is indicated. I agree with these conclusions, but 
I think his suggestion is more debatable that service 
faults following shortly after a test are caused by the 
effect of a.c. discharge on the remaining wall of sound 
dielectric which has recently withstood a test. In some 
cases, at least, I believe that such faults are precipitated 
by voltage surges, which may reach values exceeding 
the effective d.c. test voltage, particularly on cables 
connected to overhead lines. 

The tests described by Mr. Ezard are interesting, and 
I particularly welcome the views which his experience 
in the field has enabled him to put forward. I agree 
that suspect cables should be tested at short intervals. 
In referring to moisture in cables, I had in mind moisture 
which had penetrated through the lead sheath, and I 
have not come across cases where water has percolated 
along the strand from the terminals of an e.h.t. cable. 

[ can, however, well believe that this might happen if 
a really good seal is not effected at the end. On repeated 
load cycles a cable tends to breathe and moist air may 
be drawn in, even through a very small aperture, and 
may travel a considerable distance along the cable. 

Mr. Bailey criticizes the decision to use 50 kV both 
for between phases and for phase-to-earth tests, and he 
also connects the large number of joint failures with this 
decision. I think he will find that this matter has been 
dealt with fairly fully in the paper, and he will notice 
that in making a final recommendation I have suggested 
a reduction to 35 kV in the phase-to-earth pressure, 

I do not, however, agree with him that twice the peak 
value of the service voltage is sufficient for 11-kV cables. 
Whilst a power-factor test may be useful as a guide to 
the general condition of cables, Mr. Bailey will appre¬ 
ciate that such a. test is of no value for the purpose 
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for which the tests described in the paper were devised, 
namely the detection of local weaknesses. Mr. Bailey 
will find that in my reply to Mr. Clark and to Mr. 
Nethersole and Dr. Dunsheath I have dealt with the 
points referred to in the second and third paragraphs 
of his remarks. 

In reply to Mr. Longman, we have certainly had a good 
deal of difficulty with compound-filled or oil-filled 
switchgear, and I mentioned in the paper that the paper- 
board insulation, which is often used on this class of gear, 


seems somewhat susceptible to breakdown at high d.c. 
voltages. With reference to his inquiry about 
"cheesing,” we have not found much "cheese” in 
cables which have been operated for most of their work¬ 
ing life at 6-5 kV. Cables operated at 11 kV do, how¬ 
ever, sometimes exhibit this feature and, although it 
is evidence of ionization, it need not necessarily be 
considered to be a danger signal unless accompanied 
by the formation of carbon, in the form of either spots 
or tracking. 


SUSPENSION INSULATORS FOR E.H.T. TRANSMISSION LINES 

By I. S. SCOTT-MAX^VELL, Gradua.t6. 

(Abstract of Paper read before the Scottish Students’ Section, at Glasgow im October. 1934, at Edinburgh 23rdOciober. 1934 

and at Dundee 25th January. 1935.) 


GENERAL 

Past experience of high-voltage transmission has shown 
that, in this country, dirt deposits on the insulator, due 
to atmospheric contamination and periods of fog, repre- . 
sent a problem of the utmost importance. Most inter¬ 
ruptions to supply are caused by line faults, and the 
majority of these are due to fiashovers during periods 
of fog. 

The possibility of lightning faults must also be kept in 
mind, but, generally speaking, any protection against 
this form of trouble is usually obtained by the use of 
apparatus external to the insulator or by increasing the 
number of units per string. 

The greatest amount of dirt collects on the under¬ 
surface, and, owing to the corrugations being under¬ 
neath, the greater percentage of the surface area thus 
becomes contaminated. The original reason for this 
design was to obtain a maximum amount of surface 
which would be protected from the rain. Only recently 
has this practice been altered. 

Test figures show that during fog the porcelain surface 
of the insulator becomes almost continuously conducting, 
the power factor rising above 0-99 and the impedance 
becoming practically a pure resistance. This is chiefly 
due to the moisture of the fog dissolving the soluble salts 
already on the surface. 

The present type of anti-fog unit is essentially different 
in that it has a large leakage surface. This is obtained 
by expansion, either vertically or horizontally. The 
horizontal expansion gives a unit of increased diameter 
and is much to be preferred. This gives an open under¬ 
surface which is easy to clean and does not readily collect 
pockets of ionized air. 

In the anti-fog unit the under-surface represents about 
two-thirds of the total leakage surface, and the presence 
of dirt increases the leakage current considerably. Large 
leakage path has, however, more effect on the impulse 
strength of the unit than on conditions of dirt deposit, 

* The original paper, of which this is an abstract, was awarded a Students’ 
Premium by the Council. 


and the complete stoppage of streamer development prior 
to flashover would result in a better industrial insulator. 

Deposits of dirt collect underneath, and, contrary to 
past beliefs, when insulators are operated in dirty 
atmospheres rain is distinctly more of an advantage than 
a disadvantage, because it tends to wash off any dirt 
which is present. A striking proof of the beneficial effect 
of the rain can be found in the behaviour of tension 
strings in industrial areas. Tension strings are held in 
an almost horizontal position by the direct pull of the 
line, so that both sides of the unit are exposed to the rain, 
and such insulator strings have only been known to 
flash over owing to lightning strokes. As a result of 
this observation, a suggestion which was put forward 
some years ago is now being tried out. An inclined unit 
is used and two strings are suspended in the form of an 
inverted V from the tower arm, held apart at the bottom 
by a steel bar in compression. The unit has no corruga¬ 
tions and is mounted in such a way that the plane of the 
shed is practically vertical. This gives to the suspension 
string the better cleansing characteristics of the tension 
string. 

FLASHOVER 

Considering the reasons for fiashovers, we have the 
following main causes:— 

(1) Lightning. 

{a) Direct hit. 

(&) Indirect hit (induced charge). 

(2) Fog, mist, and dirt deposit. 

Dealing with (l)(a), lightning voltages may be of the 
order of 30 000 000 volts. The quantity of electricity 
involved in any discharge is small, but the discharge 
time is so short that the current may rise to 10 000 amps, 
or more, the rate of expenditure of energy being very high. 
It is doubtful whether complete protection against direct 
hits will ever be possible with such voltages as these. 

With regard to (1)(&), the indirect effect, a high 
potential of one sign is built up and held stationary in 



SCOTT-MAXWELL: SUSPENSION INSULATORS FOR E.H.T. TRANSMISSION LINES 237 


one portion of the line, due to a charge of opposite sign on 
a nearby cloud. When the cloud discharges to earth or 
to another cloud the line charge is freed and travels along 
the line as a steep-fronted voltage wave. This surge may 
spill-over at the first insulator it comes to, but if this 
withstands the initial kick in all probability no flashover 
will occur because the surge wave is attenuated very 
quickly. 

Turning to cause (2), namely fog, mist, and dirt de¬ 
posit, under certain conditions corona and streamer dis¬ 
charge will begin to appear around the upper end of the 
pin and between the bottom edge of the cap and the 
porcelain. The size to which these streamers grow and 
the voltage at which they appear depend chiefly on:_ 

(a) The state of the insulator with regard to cleanli¬ 

ness, moisture, etc. 

(b) The shape of the porcelain. 

(c) The pressure, temperature, and humidity, of the 

surrounding air. 

(d) The voltage applied to the strings. 

These streamers occur at points of maximum stress, 
i.e. where the field lines of force converging from the cap 
to the pin pass from the edge of the cap through the air 
to the porcelain and from the porcelain through the air 
to the pin. Their effect is to create eddy currents of air 
due to ionic winds, when the surrounding air is com¬ 
paratively still. Under fog conditions this will have the 
effect of circulating a maximum amount of dirt-laden 
moist air around the corrugations and will thus increase 
the deposit at the very time when it should be kept at a 
minimum. Under wind conditions also, soot and dirt will 
be caught underneath, in consequence of the physical 
shape of the unit. If there is any appreciable wind 
present, the effect of the ionic wind will probably be 
nullified. This increased dirt deposit in turn increases 
the leakage current, so that the streamers grow still 
further and eventually small quantities of highly ionized 
air are held in the pockets between the corrugations. 
Ions diffuse very much more slowly in moist air than 
they do in dry air, because particles of moisture condense 
around the ions and the extra weight considerably lowers 
the coef&cient of diffusion. The streamers eventually 
jump across the bottom edges of the coiTugations and 
thus completely bridge the unit, putting an increased 
stress on the remaining units so that they in turn are 
bridged, the final result being a cascading flashover. 
Only a part of this outline of events is based on experi¬ 
ment, the rest being more or less inference. 

CLEANING OF INSULATORS 

All insulators have to be cleaned at some time or other, 
and in a transmission system the line insulators are 
cleaned most frequently. The cost of this cleaning is a 
matter of considerable importance and ought to be well 
considered during the designing of any particular unit. 
At present the cleaning frequency varies from about six 
times per year on dirty lines to about once per year on 
clean lines. It is quite reasonable to assume that even 
the best insulator will require a certain amount of clean¬ 
ing. This should not be done more frequently than once 


every year for the dirtiest lines, and once every two years 
for the cleanest. 

DEVELOPMENT OF THE IDEAL UNIT 

The conditions which ought to be satisfied by any unit 
approaching the ideal may be summed up as follows:— 

(a) Long length of leakage path. 

(b) No corona formation until immediately before 

breakdown. 

(c) High ratio of impulse to normal voltage. 

(d) No tendency to be short-circuited by dirty-water 

drippings. 

(e) Ample mechanical strength. 

(/) Easy access for periodic cleaning. 

(g) Ease of manufacture. 

Of all these conditions, the most important is (b). It 
has long been recognized that in order to prevent corona 
formation it is necessary to make the surface of the insu¬ 
lating material conform with the field lines of force 
between the cap and the pin. Little success seems to 
have been achieved in this direction. About the year 
1922 the late Prof. H. B. Smith, of the Worcester Poly¬ 
technic Institute, U.S.A., made some experiments in an 
attempt to discover the ideal unit. He achieved remark¬ 
ably good results, by making " the terminal flux distri¬ 
bution members,” which were metallic, of such a shape 
that the field lines of force between these members were 
parallel to the surface of the insulating member. The 
unit flashed-over without any visible sign of previous 
corona, and would withstand a voltage greater than that 
of six standard 10-in. suspension units hung in parallel 
with it. The overall length of the suspension string 
was somewhat greater than that of Prof. Smith’s unit. 
Developing this still further, he produced a unit whose 
insulating member was situated in a ” hollow ” field, 
i.e. a field more intense on the outside than on the 
inside. The result of this was that the flashover arc 
always struck between the end members; the insulating 
member, being at the centre of the field, was never 
harmed in any way. 

Little reference can be found in published papers to 
field manipulation on suspension insulators for industrial 
areas. The hollow field design might be developed in the 
future so that dirt particles are actually prevented from 
coming into contact with the insulating material. 

The future trend of investigation should be towards a 
unit which is easy to manufacture and will not show any 
signs of corona prior to breakdown. A long thin unit 
with the greater part of its leakage path exposed, and 
fitted with such arcing rings that the insulating material 
is placed in a hollow field, would constitute a big step 
towards the ideal unit for industrial areas. This would 
probably mean that the insulating material would have 
to be in tension, but it would seem a matter of much 
greater value to electrical transmission if an entirely new 
design was developed along these lines. The present type 
of "compression” insulator can never be a complete 
success in industrial areas, and will always involve a 
considerable amount of cleaning to ensure continuity of 
supply. 
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COUNCIL FOR THE YEAR 1936-1937 
The scrutineers appointed at the Ordinary Meeting of 
the Institution held on the 23rd April, 1936, have 
reported to the President that the result of the ballot 
to fill the vacancies which will occur on the Council on 
the 30th September next is as follows;—■ 

President: H. T. Young. 

Vice-President: Johnstone Wright. 

Hon. Treasurer: F. W. Crawter. 

Ordinary Members of Council: (Members) T. Carter, 
C. E. Fairburn, M.A., F. Forrest, S. W. Melsom, P. J. 
Robinson, M.Eng.; (Associate Member) C. R. Westlake; 
(Associate) E. M. Lee. 

The Council for the year 1936-1937 will therefore be 
constituted as follows:— 

ipreetDent* 

H. T. Young. 

CEbe TpaatsipresiDents. 
U?ice*=ipreal5eutB. 

A. P. M. Fleming, C.B.E., Lieut.-Col. A. G. Lee, 
M.Sc. O.B.E., M.C. 

Mb E. Highfield. Johnstone Wright. 

Ibonoratfi ^Ereaaui-et. 

F. W- Crawter. 


©cbinai's /iftembers of Council. 


A. H. M. Arnold, D.Eng. 
Sir Noel, Ashbridge, 

B.Sc. (Eng.) 

J. R. Beard, M.Sc. 

E. S. Byng. 

T. Carter, 

C. E. Fairburn, M.A. 

F. Forrest, 

Prof. C. L. Fortescue, 
O.B.E., M.A. 

P. Good. 


E. M. Lee. 

Brig.-Gen. R. F. Legge, 
C.B.E., D.S.O. 

S. W. Melsom. 

F. E. J. Ockenden. 

P. J. Robinson, M.Eng. 

J. W. Thomas, LL.B., 

B.Sc.Tech. 

V. Watlington, M.B.E. 

C. R. Westlake. 

W. J. H. Wood. 


Together with the Chairman of the Meter and Instru¬ 
ment Section, the Chairman of the Transmission Section, 
the Chairman of the Wireless Section, and the Chairman 
and immediate Past-Chairman of each Local Centre. 

TRANSMISSION SECTION 

The result of the ballot to fill the vacancies which 
will occur on the Committee of the above Section on 
the SOth September next is as follows:— 

Chairman: Dr. P. punsheath, O.B.E,, M.A. 

Vice-Chairman: J. L. Eve. 

Members of Committee: H. J. Allcock, M.Sc., H. W. 
Grimmitt, Major W. M. N, Morecombe, O.B.E., B.Sc. 
(Eng.), R.E. (Ret.), P. E. Rycroft, M.B.E. 


CONVERSAZIONE OF OVERSEAS MEMBERS 
A Conversazione of members from overseas and their 
ladies was held in the Institution building on Wednesday, 
15th July, the attendance being about 130. The pro¬ 
ceedings commenced with a reception by the President 
(Mr. J. M. Kennedy, O.B.E.). This was followed by short 
addresses delivered in the lecture theatre by the President 
on “ The Organization of Manufacture, Development, and 
Research, in relation to the Electric Supply Industry, 
and by Dr. E. Mallett on " Television—an Outline." A 
reunion then took place in the library. 

The following members from.overseas were present: 
Mr. M. H. Advani [India], Mr. P. A. W. Anthony, B.E. 
[Australia], Mr. H. L. Barnard, B.E. [Australia), Mr. 
V. H. Bray [Persia], Mr. V. K. M. Bulow [India], Mr. 
C. Cater [Brazil], Mr. S. B. Deshpande, B.A. [India), Mr. 
H. J. Donkin, M.B.E. [India], Mr. G. Floyd [India), Mr. 
N. N. Ghose [India], Mr. L. B. S. Golds [China], Mr. 
E. J. B. Greenwood [India], Mr. E. P. Hambleton, B.E. 
[New Zealand], Mr. H. C. Hitchcock (New Zealand), 
Mr. M. J. Morgan [South Africa), Mr. P. S. E. Jackson 
[India], Mr. A. F. Johnston [Italy], Mr. J. P. Khanna 
[India], Mr. G. C. Kim [Burma], Mr. F. J. R. Mackenzie 
[British Guiana], Mr. E. C. Muir, B.Sc.(Eng.) [China], 
Mr. B. Price [South Africa], Mr. H. T. Priestley, B.E. 
[Australia], Mr. J. O. Renaut [New Zealand], Mr. C. G. 
Rudd, B.Sc. [New Zealand], Mr. G. N. Smith, B.Sc,, 
[Australia], Mr. A. R. Tyrer [Southern Rhodesia), Mr. 
A. W. M. Watkins [New Zealand], Mr. K. E. Wilson 
[Federated Malay States], and Mr. M. Wilson, M.A. 
[India]. 

GRADUATESHIP EXAMINATION RESULTS: 
MAY, 1936 

Passed* 

* This list also includes candidates who are exempt from, or who_ have 
previously passed, a part of the Examination and have now passed in the 
remaining subjects. 

Andrews, William Thomas [Edgbaston]. 

Armstrong, Cecil James [Cheadle Hulme]. 

Ashby, Donald [Shortlands]. 

Ball, Ronald [Coalville]. 

Ballantine, David Russell [Watford, Herts], 

Barber, Clyde Parsons [London]. 

Bardens, Arthur Thomas Bertram [London). 

Beal, George [Ashington, Northumberland], 

Bissmire, Henry George Thomas [London ]. 

Brown, Frederick Oswald [Edgbaston]. 

Brown, Sidney Riley [A comb, York]. 

Caister, Percy Richard [Ashford, Kent]. 

Clementson, John Salkeld [Carlisle], 

CoUins, Ivor Leslie [Cardiff]. 

Dunford, Leonard George [London]. 

Emerson, Alexander Hockley {^Peterborough). 

Evans, Thomas Fielding [Cardiff]. 

Fry, Maurice Frederick [Bexleyheath). 
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Passed —continued 

Gaul, Richard John {Loughborough). 

Hatt, George William {London). 

Heming^vay, Joseph Wilson {Corstorphine). 

Hoare, Christopher {London). 

Jackson, Gilbert {London). 

Jarvis, Ronald {Sandoivn). 

Jenkins, William Bingham {London). 

Johnston, Wilfred {Maltby). 

Kameen, Robert James {Neston, Wirral). 

Linn, William Adam {Cowdenbeath). 

Lomax, Geoffrey Raymond {Dalbeattie). 

Lord, Cecil Grundy {Timperley). 

McDermott, Owen Desmond {Drumcondra). 

McKibbin, Edwin Lawson {Douglas, Isle of Man). 
McLeod, John {Edinburgh). 

Maurice, Richard Boyle {Yeovil). 

Mukerji, Manik Lai {Sheffield). 

Nicholas, Alfred James {Sale). 

Ramsay, John Forrest {Chelmsford). 

Reddy, Duvur Veiikatrama {Bishopstoke). 

Renton, Joseph Edward {Blyth, Nor thumb erland). 
Richards, Leslie Stephen {Felixstowe). 

Richmond, Francis Arnold {Newcastle-on-Tvne), 

Rushton, John Harold {West Bridgford). 

Smith, Thomas {Leicester). 

Smith, Victor Holloway {Worksop). 

Thomas, Edward {Rosyth). 

Timpson, John Graham {London). 

Watson, Sylvester Neville {Whitley Bay). 

Williams, William Lloyd {Newport, Mon.). 

Passed Part I only 

Brassington, Arthur Gerald {Edinburgh). 

Evans, Herbert Martin {Felixstowe). 

Hammond, Harold Frank {London). 

Houston, David {Haywards Heath). 

Hurlston, Frank Arnold {Harhorne). 

Irving, Stanley Garrick {Croydon, Surrey). 

Johnson, Benjamin Marrows {Healing). 

Jones, Ivor Roderick Lloyd {West Bridgford). 

Newton, Harry Owen {Hull). 

Page, Robert Sidney John {Newport, Mon.). 

Parnell, Albert John {Cranwell). 

Plowman, Frank {Middlesbrough). 

Reed, Robert Edwin {London). 

Sheppard, Cyril Edward {London). 

Varcoe, Kingsley John {Rochford, Essex). 

Passed Part II only 

Burgess, Alfred John {Formby). 

Dennis, Harry Pollard {Birkenhead). 

Plyslop, Thomas {fohnstone). 

Morison, John William {Sunderland). 

Pagdin, Edward Houlden {Old Trafford). 

Perry, William Pleniy {Handsworth). 

Russell-Stracey, Patrick Plemy Andrew (iSaryfemg). 
Wood, Samuel Robert {Manchester). 

PREMIUMS 

In addition to the Premiums mentioned on pages 726 
and 727 (vol. 78) of the June issue of the fournal, the 
Council have awarded the following Premiums for papers 


read before the Students’ Sections during the session 
1935-36:— 


Premiums of the value o/£10 each: 


A uthor 

Title of Paper 

Where read 

K. C. Coop, 

“ Pollution of Suspen¬ 

Leeds 

B.Eng. 

sion-Type Insulators 
on Overhead Lines ” 


T. D. Oswald, 
BSc. 

” Lightning ” 

Newcastle 

A. Wilcock 

” Multi-Channel Voice- 
Frequency Telegraphs ” 

London 

Premiums of the value of £5 each: 


Author 

Title of Paper 

Where read 

P. Baxter 

“ Instrument - Testing 
by means of Phantom 
Loads ” 

Manchester 

J. R. Bell 

” Choice of Motors and 
Control Gears for In¬ 
dustrial Drives ” 

Chester 

PI. Birchenhough 

” Single-Line Railway 
vSignalling ” 

London 

J. S. Cliff 

” Pligh-Power Switch- 

Birming¬ 


gear Test-Plants ” 

ham 

G. V. Harrap 

“ Electricity - Supply 
Legislation ” 

Newcastle 

W. F. Parker 

" Layout and Design of 
Distribution Systems 
in Factories ” 

Liverpool 

B. C. Robinson 

“Cathode Rays—’their* 
Aid to Measurement ’ ’ 

Newcastle; 

I. S. Scott- 

“ Electrically - driven 

Glasgow 


Maxwell 

C. D. J. Statham 

D. Smith 

W. S. Thomson, 
B.E. 


Rolling-Mills ” 

Colliery Power Prob- Sheffield 
lems ” 

Carrier-Wave Tele- Newcastle 
phony ” 

Insulator Testing and Birming-' 
Maintenance on Live ham 

H.T. Lines ” 


ACCESSIONS TO THE REFERENCE LIBRARY 

[Note. —The books cannot be purchased at the Institution; the names of 
the publishers and the prices are given only for the,convenience of members; 
(*) denotes that the book is also in the Lending Library,] 

Adam, A. T. Wire-drawing and the cold working of 
.steel. 2nd ed. 4to. 160 pp. (London: H. F, 
and G. Witherby, 1936.) 36s. {’^') 

Agg, T. R., and Foster, W. L. The preparation of 
engineering reports. 8vo. viii -)- 192 pp. (New 
York, London: McGraw-Hill Book Co., Inc., 1935.) 
10s. U. {*) 

Allen, J. R., and Walker, J. PI. Heating and con¬ 
ditioning. Formerly published under the title 
“ Heating and ventilation.” 4th ed., with a 
chapter on ” Hot-water heating systems,” by 
F. E. Giesecke. 8vo. vii -j- 444 pp. (New York, 
Loudon: McGraw-PIill Book Co., Inc., 1935.) 
24s. (*) 

Ampere^ A. M. Correspondence du grand Ampm'e. 
Publiee par L. de Launay. Societe des Amis 
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d’Andre-Marie Ampere. 2 vol. la. 8 vo. (Paris: 
Gauthier-Villars, 1936.) 120 francs. 

Ardenne, M. V. Femsehempfang. Ban und Betrieb 
einer Anlage zur Aufnahme des Ultrakurzwellen- 
Fernsehrundfunks mit Braunscher Rohre. 8 vo. 
117 pp. (Berlin: Weidmannsche Buchliandlung, 
1935.) RM. 6.30. 

Avery, A. H. Small alternating current motors, 
sm. 8 vo. 61 pp. (London: Percival Marshall and 
Co., Ltd., 1935.) Is. 6d. 

Baumeister, T., Jr. Fans. 8 vo. xi -f 241 pp. ■ (New 
York, London; McGraw-Hill Publishing Co., Ltd., 
1935.) 21s. (*) 

Beeching, R., A.R.C.S. Electron diffraction. With a 
preface by G. P. Thomson, sm. 8 vo. viii 107 pp. 
(London: Methuen and Co., Ltd., 1936.) 3s. (*) 

Bellescize, H, de. Les communications radio-elec- 
triques. fasc. 1 . vi-f-98 pp. (Paris: Gauthier- 
Villars, 1935.) 20 francs. 

Bhatnagar, S. S., M.Sc., D.Sc., and Mathur, K. N,, 
M.Sc., D.Sc. Physical principles and applications of 
magneto-chemistry. 8 vo. xiv-|- 375pp. (London: 
Macmillan and Co., Ltd., 1935.) 21 s. (*) 

Bolton, D. J., M.Sc. Electrical engineering economics. 
A study of the economic use and supply of elec¬ 
tricity. 2nd ed. 8 vo. xiii + 365 pp. (London: 
Chapman and Hall, Ltd., 1936.) 21s. (*) 

Bond, W. N., M.A., D.Sc. Probability and random 
errors. 8 vo. viii -f- 141 pp. (London: Edward 
Arnold and Co., 1935.) 10s. 6d. (*) 

British Standards Institution. British standard 
specifications, nos. 166, 160, 168, 231, 438, 672, 
683. 8 vo. (London: British Standards Institu¬ 
tion, 28 Victoria Street, S.Wl, 1936.) 2 s. 2d. each, 

post free. 


no. 166, for enamelled high-conductivity annealed copper wire. fRev 
June, 1936.) ' 

no. 160, for slate and marble insulating slabs for electric power switch- 
gear up to and including 660 volts, A.C. and D.C. (Rev 
May, 1936.) ' ’ 

no. 168, for the electrical performance of industrial electric motors and 
generators with class A insulation. Rating permitting over¬ 
loads. (Rev., June, 1936.) 

no. 231, for pressboard for electrical purposes (excluding “ built-un ” 
pressboard). (Rev., June, 1936.) 

no. 438, for cwker control units for use in 2-wire circuits of not more 
fi-To “^260 volts declared pressure. (Rev. June, 1936.) 
no. 672, for hard-drawn cadmium-copper solid and stranded circular 
Roa for overhead power transmission purposes, 1936. 

no. 683, for alkalme tram-lighting accumulators, 1936. 

Bryant, J. M., M.S., and Johnson, E. W., B.S. Alter¬ 
nating current machinery. 8 vo. xix -f 790 pp. 
(New York, London: McGraw-Hill Book Co Inc 
1936.) 36s. («=) 

Burnham, T. H. Engineering economics. 3 rd ed. 
2 vol. 8 vo. (London; Sir Isaac Pitman and Sons, 
Ltd., 1935.) ^s. Qd. per volume. (*) 

book 1, Elements of industrial organization and management, xiii -f- 
book 2, Wor^s*organization and management, x + 312 pp. 

'Works management education, with special refer¬ 
ence to the Caae System. With a foreword by 


E. S. Byng. 8 vo. xi-[-91 pp. (London: Sir 
Isaac Pitman and Sons, Ltd., 1933.) Is. 6d. (=^) 

Caldwell, P. S. Gas and oil engines: running and 
maintenance, sm. 8 vo. x -)- 125 pp. (London: 
Constable and Co., Ltd., 1925.) 3s. tkl. 

Chapple, H. j. B. Popular television; up-to-date 
principles and practice explained in simple lan¬ 
guage. xiii -b 112 pp. (London: Sir Isaac Pitman 
and Sons, Ltd., 1935.) 2 s. 6d. (*) 

Clayton, A. E., D.Sc.(Eng.), and Shelley, H. J. 
Elementary electrical engineering. 2 nd ed. 8 vo. 
xi -(- 462 pp. (London: Longmans, Green and 
Co., Ltd., 1935.) 7s. 67 ^. (*) 

Cocking, W. T. Wireless servicing manual, sm. 8 vo. 
X -J- 213 pp. (London: Iliffe and Sons, Ltd., 1936.1 
6 s. {*) 

Cook, A. L., M.S. Elements of electrical engineering. 
A textbook of principles and practice. 3rd. ed. 
8 vo. X -j- 603 pp. (New York: John Wiley and 
Sons, Inc.; London; Chapman and Hall Ltd 
1935.) 20s. (*) 

Creighton, H. J., and Koehler, W. A. Principles and 
applications of electrochemistry. 2 vol. (vol. 1 ., 
3rd ed.) 8 vo. xviii -|- 602, xiv -j- 506 pp. (New 
York: John Wiley and Sons, Inc.; London: Chap¬ 
man and Hall, Ltd., 1935.) (*') 




vol. 2, Applications, by W. A. Koehler. 25s. 

Crook, W. E. Wireless telegraphy: notes for students. 
(Covering the .Postmaster-General’s air licence for 
W/T operators.) 8vo. vii -|- 189 pp. (London: 
Sir Isaac Pitman and Sons, Ltd., 1935.) 7s Od 

n 

CuRCHOD, A. Memento d’electrotechnique, tom. 3. 
xviii -f 666 pp. tom. 4. xix + 831 pp. Index 
alphabetique des quatres tomes. 101 pp. 8vo. 
(Paris: Dunod, 1934-35.) 

tome 3, Rdsepx de distribution d’energie dleotrique. 128 francs 
tome 4, Applications de I’dlectricitiS. 136 francs. ^ ^ 

Dent, A. G. FI. Management, planning and control. 
With a foreword by Sir G. Beharrell. 8vo. xxii + 
333 pp. (London; Gee and Co. (Publishers), Ltd. 
1936.) 10s. Od. (*) 

Dickinson, H. W. J ames Watt, craftsman and engineer. 
8vo. xvi-j- 207 pp. (Cambridge: Univensity Press, 
1936.) 10s. Qd. (*) 

Doherty, R. E., and Keller, E. G„ M.S., Ph.D. 
Mathematics of modern engineering, vol. 1. 8vo. 
xxi + 314 pp. (New York: John Wiley and Sons, 
Inc.; London: Chapman and Flail, Ltd., 1936) 
17s. 6d. {*) ‘ 

Dole, M., Ph.D. Principles of experimental and 
theoretical electrochemistry. 8vo. xiii -|- 549 pp. 
(McGraw-FIill Book Co., Inc., 1936.) 30s. {*) 

Dyson, F. Principles of mechanism. 2nd ed. Svo. 

vi -|- 323 pp, (London: Oxford University Press, 
1936.) 12s. (*) 
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EMERGE 



N C Y 

EQUIPMENT 



INSTALLED IN THE 

SHAKESPEARE 


MEMORIAL THEATRE 

STRATFORD-ON-AVON 


The NIFE NEVERFAYLE Equipment in- 
eludes a NIFE Nickel Cadmium Alkaline 
Battery capable of supplying a 230 volt 
8 kilowatt load for a period of 6 hours 
on one charge. The battery normally floats 
across a valve type Rectifier, which after 
an emergency, is capable of giving the 
battery a quick charge. 

Write for List 1935 giving details of various 
complete emergency schemes. 
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These B.l. Cut-Outs have fuse 
units provided with expansion 
chambers at each end with con¬ 
necting passage shaped to fit the 
asbestos tube covering the fuse 
wire, so that an effective barrier 
is provided between the terminals. 
The contacts are isolated and so 
cannot be damaged by arcing or 
deposition of fused metal. Self¬ 
aligning base contacts are used 
and one-piece spring contacts of 
the self adjusting and pressure 
type. The black moulded cases 
are non-hygroscopic and non- 
ignitable. 

The illustration shows a group 
of B.l. Busbar Cut-outs with 
four-entry Sealing Chamber. 

British Patent Nos. 217010,354049,355859,412071 


BRITISH INSULATED CABLES LTD., PRESCOT, LANCS 


Tel. No. Prescot6571. London Office, Surrey House, Embankment, W.C.2. Tel. No.Temple Bar 4793,4,5 &6. 
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SHORT-WAVE TRANSMITTING VALVES 

Constructed In hard glass bulbs with graphite 
anodes, these valves will oscillate satisfactorily 
at wave-lengths down to 5 metres. 


Type ESW 501 

Filament Volts - - - 6.0 

Max. Anode Volts - - 1,500 

Max. Dissipation - 65 watts 

Impedance - - - - 10,000 

Amplification - - - 15 

Price £4.10.0 


Type ESW 204 

Filament Volts - - - 11.0 

Max. Anode Volts - - 2,000 

Max. Dissipation - 250 watts 

Impedance - - - - 9,000 

Amplification - - - 20 

Price £15.0.0 


We invite enquiries for: 

MERCURY VAPOUR. 
RECTIFIERS 

GAS-FILLED RELAYS 

POWER AMPLIFIERS 

TRANSMITTING VALVES 
UP TO 1.5 KW. 

Particulars of these and other Trans¬ 
mitting Valves can be obtained from 
Technical Service Dept., Radio Division, 
155 Charing Cross Road, W.C.2. 



CATHODE ( 
RAY TUBES 

These are of the high vacuum 
type and can be supplied with 
green, blue or white screens. 

The type CH illustrated is a 
3-anode tube specially designed 
for television reproduction. 

Type: AH BH CH 

Screen dia. 17 13 25 cms. 

Max. Anode 

Volts 3,500 2,500 6,000 

Sensitivity VOO/V dSO/V 800/V 

Price £10.10 £8.8 £12 


entirely BRITISH MADE 

E D I S W A I 


.C H;* : 




RADIO 


THE EDISON SWAN ELECTRIC CO. LTD. 



VALVES 


155 CHARING CROSS RD., LONDON, W.C.2 


R.E.294 


USED BY ALL GOVE RN M ENT DiPARTM ENTS 


























The Ferranti Mercury Switch 
Regulator is outstanding 
for trouble-free service 
with a minimum of main¬ 
tenance. It is a Regulator 
built into the Transformer 
without any increase in 
floor space. 


We are exhibiting at the 
BRtTiSH'EMPIRE Exhibition 

JOHANNESBURG 


Sept. 15th, 1936 to 
Jan. 15th, 1937 


^uu KVA j-phase 
Transformer 33,000 volts 
with mercury switch 
regulation of 12\% 
voltage variation 
in 14 steps. 


No switch contacts to be cleaned. 
Low speed copper disc motor 
(illustrated at left) operates under 
oil and requires no attention. 
Extreme simplicity of Automatic 
Control. It is short-circuit proof. 

Please write lor lists. 












































